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ABSTRACT

Water use, photosynthetic gas exchange, and energy

balance were studied in coffee (Coffea arabiea L. cv. Yellow

catuai) hedgerows with leaf area index (LAI) from 0.7 to

7.5. The objectives were to: (1) estimate the irrigation

requirements of coffee, (2) characterize the components of

the energy balance at diffrent LAI, (3) examine carbon

isotope discrimination (d) an gas exchange as indices of

performance, and (4) evaluate the contribution of

environmental and physiological factors on the control of

transpiration. Latent heat flux was the most important

component of the energy balance, while sensible heat

remained relatively constant and soil heat flux declined

during canopy development. Concurrent canopy energy balance

and branch sap flow measurements were used to partition

total evapotranspiration (ETc) between crop and soil and

interrow vegetation components. The transpiration component

increased with LAI, comprising almost 100% of ETc at

LAI=6.7. The crop coefficient (Ke), an estimate of relative

water use, was 0.6 for fields with LAI<2 and between 0.7 to

0.8 for fields with a LAI>2. A values of sun leaves

indicated that intrinsic water use efficiency (WUE)

increased with LAI, in contrast with a decrease suggested by

measurements of instantaneous WUE. Photosynthetic nitrogen

use efficiency (PNUE) decreased with LAI, suggesting a
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physiological compromise between intrinsic WUE and PNUE.

Changes in ~ of mature leaves seemed to be the result of

carbon turnover during leaf acclimation to the shade.

Average stomatal, crown and boundary layer conductance

remained relatively constant during canopy development.

Average values of the decoupling coefficient n ranged

between 0.7 and 0.8 at all values of LAI examined.

Covariance of environmental factors during the day obscured

stomatal responses to individual factors. strong stomatal

responses to light and air humidity, and wind speed were

detected, particularly if the leaf surface was used as the

reference point for estimation of external vapor pressure.

Close correspondence of transpiration with net radiation and

stability of leaf temperature indicated that stomata played

a major role in restricting canopy temperature to a range

favorable for physiological activity.
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PREFACE

The chapters that make up this dissertation will become

papers of which Marco V. Gutierrez will be the senior

author. Chapter 2 of this dissertation contains the results

of work carried out in coffee and koa trees, and constitute

a paper of which Marco V. Gutierrez is senior author, to be

submitted to the journal "Tree Physiology". The work on koa

was conducted by Dr. Robin Harrington (second author) with

James H. Fownes and Frederick Meinzer as coauthors.

Chapters 3, 4 and 5 will be co-authored by Frederick C.
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CHAPTER 1

INTRODUCTION

Terrestrial plants are faced with a dilemma posed by

their need to reconcile two vital but opposing requirements

for plant growth. On one hand, the plant requires a rapid

gas exchange with the atmosphere for the absorption of CO2

and subsequent production of dry matter through

photosynthesis. On the other hand, the maintenance of high

water content within the leaf requires restriction of gas

exchange with the atmosphere. Similarly, the need for

maximum absorption of solar radiation required for the

carbon reduction process conflicts with the requirement to

avoid absorbing excessive energy that must be partially

dissipated as latent heat (transpirational cooling).

Understanding of this physiological compromise between

transpiration and assimilation processes requires an

understanding of factors that control water transport along

the soil-plant-atmosphere continuum (SPAC).

This study addresses basic aspects of the control of

water flow along the SPAC, and of the physiological ecology

of coffee canopies at different stages of development.

Information on the energy balance of the coffee hedgerows,

stomatal and environmental control of transpiration,

photosynthesis, and carbon isotope discrimination is

integrated to provide a broad picture of physiological

1



processes taking place at different time and space scales

during canopy development. Also, basic physiological data

such as transpiration and evapotranspiration rates are

extended to the coffee-producing industry in the form of

estimations of water use and recommendations concerning the

irrigation requirements of coffee.

WATER IN THE SOIL-PLANT-ATMOSPHERE CONTINUUM

Plants constitute the major pathway for the tremendous

amount of water moved from the land to the atmosphere. This

water transport is essential for the normal functioning of

the plant which depends fundamentally on the plant water

status, which in turn depends on the precarious balance

between water loss to the atmosphere and water uptake from

the soil (Pickard, 1981). A rapidly transpiring sunflower

leaf loses the equivalent of the entire leaf water content

every 20 minutes (Boyer, 1985).

The flow of water in the soil-plant-atmosphere

continuum has often been described using the concepts of

electric circuitry, in which the currents generated in the

analogue circuit represent water vapor loss from the leaves

and liquid flow in plant and soil. The plant and soil

resistances are defined in such a way that they are

consistent with the resistances to transport of water vapor

in the atmosphere, and there is continuity of potential at

2



the analogous liquid-air interface in the leaves (Cowan,

1972). This catenary hypothesis or Ohm's Law analogy has

provided an important conceptual framework for the study of

plant water relations, despite being based on simplified

mathematics and on limited knowledge of the water pathway in

the plant (Denmead and Millar, 1976).

When transpiration starts from a leaf, the initial rate

of water loss exceeds the rate of uptake and the water

content of the tissues falls. It does so until the gradient

that drives liquid water uptake is high enough to balance

water loss and the tissues come to a new steady-state water

status. The treatment of this water pathway is necessarily

broad and complex since controls are located throughout the

soil-plant-atmosphere system. In fact, some of the most

interesting flow processes occur at the immediate boundaries

of root and soil, leaf and air (Wenkert, 1983).

The fact that plant-water status (water potential, Vw)

is jointly determined by soil, plant and atmospheric

factors, can be better appreciated by examining a simplified

transport equation commonly used to describe water flow.

The equation has been arranged to express leaf water

potential (~L) as a function of soil water potential (~s),

rate of transpiration (E), and resistances (R) of soil, root

3



and shoot to liquid water flow (Hsiao, 1982):

(1)

This expression emphasizes that there is not a unique

relationship between 'YL and 'Ys. For a given 'YL , 'Ys must be

more positive by a factor of the transpiration rate times

the sum of the liquid phase resistances in the soil-plant

pathway. Excessively low 'YL can be caused by soil drying,

high transpiration, high plant resistance; or a combination

of these factors. Formally speaking, however, water flow is

driven by gradients in hydrostatic pressure, which does not

correspond to 'Ywgradients if apoplastic solutes are present

(Nobel, 1991).

The control of water flow along the SPAC system,

particularly the relative contribution of physiological

(i.e., stomatal) and environmental (i.e., net radiation)

factors in controlling transpiration and assimilation in a

perennial woody crop species is addressed in this

dissertation. Transpiration and the physiological

compromise between water loss and assimilation, linked

through stomatal behavior, is a central issue in plant

physiology.
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STOMATAL CONTROL OF TRANSPIRATION

The central role of stomata in regulating leaf gas

exchange is widely recognized (Cowan, 1977; Farquhar and

Sharkey, 1982). There is considerable empirical evidence to

support the theory (Cowan and Farquhar, 1977) that in many

situations stomata optimize gas exchange by minimizing

transpiration for a given amount of carbon gained (Meinzer,

1982; Klippers, 1984; Berninger and Hari, 1993). Biophysical

models linking stomatal function to physiological processes

such as leaf photosynthesis and carbon isotope

discrimination have also been proposed (e.g., Wong, 1979;

von Caemmerer and Farquhar, 1981; Farquhar et al. 1982,

1989) •

The features of the stomatal guard cells (Zeiger, 1983)

and the physiological and environmental factors influencing

stomatal function have also received considerable attention

(Robinson and Preiss, 1985; Schulze, 1986; Nonami et al.

1990). Guard cells function as multisensory hydraulic

valves (Taiz and Zeiger, 1991). Environmental factors such

as light intensity and quality, temperature, air humidity,

soil water availability, and CO2 concentration are sensed by

guard cells, and these signals are integrated into well

defined stomatal responses (e.g., Klippers, 1984; Grantz,

1990; Davies and Zhang, 1991; Lloyd, 1991). Water relations

in guard cells follow the same rules as in other cells. As
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osmotic potential ('I'n) decreases, 'l'w becomes more negative

and water moves into the guard cells. As water enter the

cells, turgor pressure (P) increases (Taiz and Zeiger,

1991). However, because of the elastic properties of their

walls, guard cells can reversibly increase their volume by

40% to 100% depending on the species. The deformation of

the guard cell walls imposed by this increase in volume is a

central aspect of stomatal movements (Wu and Sharpe, 1979).

ENVIRONMENTAL CONTROL OF TRANSPIRATION

The concept that stomatal movements regulate

transpirational water loss is supported by abundant results

from field and laboratory experiments conducted mainly on

single leaves enclosed in well-ventilated cuvettes (Jarvis

and Morrison, 1981; squire and Black, 1981). A dominant

role of stomata in controlling transpiration is inferred

from early work showing a pronounced dependence of

transpiration on stomatal aperture (Bange, 1953). However,

the implications of reductions in this dependence at low

wind speed were often not fully appreciated by plant

physiologists working at the single leaf scale of

observation. This led to an underestimation of the

importance of boundary layers in controlling gas exchange

under natural conditions. Results obtained at the canopy

and regional levels have suggested that environmental
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factors, (i.e., net radiation), are more important than

stomata in controlling water loss from well-watered

vegetation (Jarvis and McNaughton, 1986). These results

have led to the development and successful application of

meteorological models that predict evaporation from canopies

without considering the regulatory role of stomata (e.g.,

Kanemasu et ai., 1976; Priestly and Taylor, 1972).

The resolution of these apparently conflicting

observations lies in the interpretation of data collected at

different scales, i.e., in the selection of appropriate

reference points with respect to the transpiring leaf

surface for measurement of environmental variables (Meinzer

and Grantz, 1989; Grantz and Meinzer, 1991). In poorly

ventilated, dense plant canopies, transpiration is

increasingly overestimated as the reference point for vapor

measurement external vapor pressure is moved farther from

the leaf surface (Meinzer and Grantz, 1989).

As a consequence of these contrasting results, the role

of the unstirred air layers surrounding leaves and canopies

in limiting the impact of stomatal movements on

transpiration has received renewed attention (Jarvis and

McNaughton, 1986; Meinzer and Grantz, 1989, 1991; Collatz et

ai.,1991). A dimensionless decoupling coefficient

describing the sensitivity of canopy transpiration to a

marginal change in stomatal conductance has been proposed

(Jarvis and McNaughton, 1985; McNaughton and Jarvis, 1986)
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as a means of accounting for the relative contribution of

stomatal and environmental (i.e., boundary layer effects)

factors to the control of transpiration at the single leaf

and canopy levels. However, any treatment of coupling of

canopies to the atmosphere requires previous knowledge of

the factors that control evapotranspiration from plant

communities.

EVAPOTRANSPIRATION FROM PLANT CANOPIES

The physical principles that control the transfer of

radiant energy, momentum, and mass in the atmosphere come

together in attempts to apply micrometeorology to the study

of plant responses to climatic factors (Monteith and

Unsworth, 1990). The rate at which a canopy loses water and

absorbs CO2 in a given environment and its dependence on

atmospheric, edaphic, and plant factors can be estimated

using micrometeorological techniques.

with precise instrumentation, profiles of wind speed,

temperature, and gas concentrations can be measured. In the

turbulent boundary layer above plant canopies, the transfer

of momentum, mass, and heat is determined by gradients of

these elements and by diffusivities associated with

molecular agitation. The shape of the profile is determined

partially by the turbulent eddies that are produced by the

drag of the canopy elements on the wind blowing over them
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and partially by the fluxes from the plant canopy (Monteith

and Unsworth, 1990).

The depth of the turbulent boundary layer can be

related to the fetch or distance of traverse across an

uniformly rough surface. Very close to the roughness

elements of the canopy, the turbulent structure is

influenced by the wakes generated by these elements,

establishing a "roughness sublayer." Within it, the

boundary layer structure is influenced by factors such as

the distribution and structure of the foliage elements and

the spacing between plants. Over a uniform stand of

vegetation there is a section of the boundary layer (about

the lower 15%) where fluxes of momentum, heat and water

vapor are constant with height. Bulk rates of exchange

between the canopy and the air flowing over it can be

determined by measuring vertical fluxes in this part of the

boundary layer (Monteith and Unsworth, 1990).

Techniques suitable for this kind of studies are

frequently based on the theory of energy balance which

describes the partitioning of net radiation reaching any

surface:

RN + AE + H + G + S + M = 0 (2)

where RN is net radiation, AE is latent heat, H is sensible

heat, G is soil heat flux, S is physical storage and M is
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metabolic or chemical storage. All terms in the energy

balance equation are rates expressed as energy flux

densities. By convention, incoming energy is taken as

positive and outgoing as negative. At any time, the energy

received by a surface must equal to that lost, used and

stored by the surface (Rosenberg et al., 1983). Latent heat

(AE), the energy consumed in the evaporation of water, is of

particular interest because its measurement allows a direct

estimation of water loss from any evaporating surface.

Micrometeorological techniques capable of estimating

evapotranspiration from plant canopies rely on estimates of

latent heat flux above a canopy derived, in the case of the

Bowen ratio technique, from the partitioning of net

radiation into the components of the energy balance (Bowen,

1926; Tanner, 1960)

COUPLING OF CANOPIES TO THE ATMOSPHERE: THE OMEGA FACTOR

The extent to which stomata control canopy

transpiration depends largely on the relative magnitudes of

stomatal and boundary layer conductance (Jarvis and

McNaughton, 1986). This determines the balance between

imposition of ambient vapor pressure at the leaf surface and

local equilibration of the ambient vapor pressure near the

leaf because of transpiration (Meinzer and Grantz, 1989).

The degree to which ambient vapor pressure is imposed at the
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leaf surface has been described quantitatively by Jarvis and

McNaughton (1986) in terms of a dimensionless decoupling

coefficient, n, ranging from zero to one:

2 + ~ + gr/gbl
n =

2 + ~ + (gbl + gr)/gs + gr/gbl
(3)

where gbl is boundary layer conductance, gr is the long-wave

radiative transfer "conductance" (Martin, 1989), g8 is

stomatal conductance, and ~ is the ratio of the increase of

latent heat content to the increase of sensible heat content

of saturated air (McNaughton and Jarvis, 1991).

The sensitivity of canopy transpiration (E) to a

marginal change in stomatal aperture, the degree of coupling

(Jarvis and McNaughton, 1986), can then be written as:

(4)

A n of 0.8 means that a 10% change in gs would have

only a 2% effect on E.

stomatal control of transpiration is strong only when

gbl is high relative to gs. When gbl is low, transpiration

promotes local equilibration of humidity near the leaf,

within the boundary layer, uncoupling the evaporative demand

at the leaf surface from that in the bulk air (Meinzer and

Grantz, 1989). stomatal control of transpiration becomes

progressively weaker as n approaches 1 because the water
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vapor pressure at the leaf surface becomes increasingly

decoupled from that in the bulk air.

Transpiration, evapotranspiration, evaporation of

intercepted water, and to a lesser extent, assimilation of

CO2 depend on the degree of coupling between canopies and

the atmosphere. The degree of coupling determines the main

driving variables and the most effective controls acting on

the processes. It follows that an awareness of similarities

or differences in the degree of coupling is important when

(a) comparing different'kinds of vegetation with respect to

these processes, (b) extrapolating from an experimental

situation to a field cropping system, and (c) making changes

in the management of a crop (e.g., mixing species) (Jarvis,

1985).

Values of n for different vegetation types and species

are given in Table 1.1 as a reference for comparing n values

obtained in this sudy. Of particular interest is the

comparison of orchards with different canopy structures.

Lower aerodynamic roughness associated with the hedgerow

configuration is expected to increase decoupling of the

coffee canopies when compared to other tree species measured

so far.
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Table 1.1. Values of 0 for crops and vegetation types

Vegetation type/species

Horticultural crops
citrus orchards
Cherry orchards
Grape (Vi tis vinifera)
Strawberry (Fragaria sp.)
Tomato (Lycopersicum esculentum)

Field crops
Alfalfa (Medicago sativa)
Cotton (Gossypium spp.)
Sugarcane (Saccharum spp.)
Wheat (Triticum aestivum)

Forest trees
Anacardium excelsium
Beech (Fagus sylvatica)
Pine (Pinus spp.)
Teak (Tectona grandis)

o

O.3 a

O.la

O.5a

O.9 a

O.7 a

O.9b

O.4b

O.9 c

O.6b

a Data from Jarvis, 1985; b Jarvis and McNaughton, 1986;
c Meinzer, 1993

In this study, stomatal conductance in single leaves,

whole-plant transpiration, and environmental variables, were

measured simultaneously to estimate the decoupling

coefficient, 0, over a wide range of conditions and stages

of canopy development. Stomatal and environmental control

of transpiration have consequences on the efficiency with

which plants utilize water, a major determinant of yield in

agriculture and performance under natural conditions.

However, evaluation of water-use efficiency (WUE) under

field conditions using physiological methods is difficult
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and time consuming. The use of integrated physiological

measures such as carbon isotope discrimination (~) is

therefore a promising avenue to diagnose WUE in the field.

6 is compared against instantaneous measurements of WUE

obtained under field conditions in Chapter 5 of this

dissertation.

CARBON ISOTOPE DISCRIMINATION AS AN INDEX OF PERFORMANCE

Discrimination (d) against the naturally occurring

stable isotope 13 C occurs during photosynthetic CO2 fixation

in plants. This discrimination has a biochemical and a

diffusional component that cause the ratio of 13 C/12C in

plant tissue to be lower than that in the atmospheric air

(Farquhar et al., 1982).

In C3 plants, the magnitude of d and the resulting

carbon isotope composition of the leaf tissue are determined

by the ratio of intercellular to atmospheric partial

pressure of CO2 (Pi/Pa ) prevailing when the tissue carbon is

assimilated (Farquhar et al., 1982). The ratio Pi/Pa is

also related to the ratio of instantaneous rates of CO2

assimilation and stomatal conductance (A/gs ) , a measure of

intrinsic water use efficiency (WUE). These relationships

are being increasingly exploited to establish correlations

between genotypic variations in ~, integrated WUE (biomass

per water used), and yield (Farquhar et al., 1989).
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Leaf tissue A is an integrated measure of internal

physiological and external environmental properties that

influence photosynthetic gas exchange. Thus, variations in

A within and among genotypes could become an important tool

for prediction of other aspects of plant performance in the

field, such as responses to water availability (Hubick et

al., 1986), atmospheric humidity (Winter et al., 1982),

salinity (Guy et al., 1982) and irradiance (Zimmerman and

Ehleringer, 1990).

In coffee, the use of A has been explored as a tool for

screening high yielding genotypes (Meinzer et al., 1991) and

as an index of performance and WUE under limited water

supply (Meinzer et al., 1990). However, the prospects for

using A under field conditions and at different stages of

crop development remains unexplored, as well as the

relationship between A and actual WUE. These issues are

experimentally approached in Chapter 5, measuring WUE by two

independent methods: A as a cumulative, potential indicator

of WUE, and instantaneous measurements of WUE using actual

assimilation and transpiration data.
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IMPORTANCE OF THIS RESEARCH FOR COFFEE PRODUCTION, WATER

RELATIONS AND THE CONTROL OF FLOWERING

Coffee (Coffea arabica L.) originated in the

understorey of Ethiopian forests at elevations between 1700

and 2000 m. In coffee's natural habitats, annual rainfall

is characterized by a marked seasonal distribution with a

pronounced dry period of several months (Maestri and Santos

Barros, 1977). Coffee exhibits characteristics typical of

shade plants with maximum photosynthetic rates of about 10

~mol CO2 m-2 s-l and saturation of photosynthesis at low

photon flux densities (Nunes et al., 1968).

Since the pioneering work of Alvim (1960) on water

stress as a requirement for flowering of coffee, a good

amount of work addressing water relations (see Nunes, 1976

and Kumar, 1979 for reviews on the sUbject) and the

ecophysiology of the crop (Cannell, 1985; Maestri and

Santos-Barros, 1977) has appeared. These studies suggest

high sensitivity of coffee stomata to leaf-to-air vapor

pressure difference VPD, radiation and temperature (Wormer,

1965; Maestri and Santos-Barros, 1977; Fanjul et al., 1985),

low efficiency of the photosynthetic process at high

radiation and temperature (Kumar and Tieszen, 1980; Nunes,

1988), high root resistance to water transport (Huxley,

1966), ratios of crop to reference evapotranspiration

ranging from 0.5 to 0.8 for nonirrigated and irrigated
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coffee, respectively (Pereira, 1957; Blore, 1966), and a

high degree of drought tolerance (Meinzer et al., 1990).

In Hawaii, large coffee plantings are currently being

established in leeward sections on the islands of Kauai,

Maui and Oahu, where coffee growth is characterized by

poorly synchronized flower opening, fruit ripening, and

therefore a prolonged harvest period. The cost of hand

harvesting indicates that efficient mechanical harvesting

will be required for successful establishment of large

plantings in Hawaii (Crisosto et al., 1992).

Research on the relationship between water deficit, re

irrigation and flower opening may lead to cultural practices

that consolidate the harvest period (Crisosto et al., 1992).

However, before this goal can be accomplished, basic

information on water use and irrigation requirements of

coffee fields at different stages of development must be

available. Therefore, the main objectives of this study

were to: (1) estimate the irrigation requirements of coffee

in Hawaii; (2) characterize the components of the energy

balance of coffee fields at different stages of canopy

development, particularly the partitioning of latent heat;

(3) examine the carbon isotope discrimination and

photosynthetic gas exchange characteristics of coffee

canopies as indices of performance; and (4) evaluate the

relative contribution of physiological (i.e., stomatal) and

environmental (i.e., boundary layer effects) factors on the

17



control of transpiration in coffee canopies at different

stages of development.
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CHAPTER 2

THE EFFECT OF ENVIRONMENTALLY-INDUCED STEM TEMPERATURE

GRADIENTS ON TRANSPIRATION ESTIMATES FROM THE HEAT BALANCE

METHOD IN TWO TROPICAL WOODY SPECIES

ABSTRACT

The performance of the stern heat balance (SHB)

technique for measuring sap flow in coffee (Coffea arabica

L. cv. Yellow cataui) and koa (Acacia koa) plants was

evaluated under greenhouse and field conditions using

commercially available sap flow gauges. Agreement between

transpiration rates measured gravimetrically and with the

SHB technique was frequently good in the greenhouse tests,

provided insulation in addition to that supplied by the

gauge manufacturer was applied to reduce radiation load in

the vicinity of the sap flow gauges. Unrealistic

transpiration rates that were sometimes obtained under both

field and greenhouse conditions were the result of negative

stern temperature differentials from below to above the gauge

heater, even in the absence of power applied to the heaters.

It was possible to correct this environmentally-induced bias

using stem insulation procedures that minimized the rate of

change in stem temperature or by applying simple corrections

using the AT signals from nonheated gauges operated as
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blanks. Our results suggested that when working with

isolated plants in the field or in the greenhouse where

large and rapid fluctuations in ambient temperature may be

expected, it may be necesssary to operate blank gauges with

the heaters off and apply temperature corrections. In the

field, where denser canopies reduced the radiant energy load

on the stems, corrections appeared unnecessary since AT

values in nonheated gauges were near zero. It is suggested

that similarly installed, heated and nonheated gauges be

operated concurrently for each new gauge installation to

evaluate the effect of environmentally-induced stern

temperature differentials on gauge accuracy. If necessary,

insulation procedures recommended by the manufacturer can

then be modified to minimize the magnitude of AT values

observed in nonheated gauges.

INTRODUCTION

The need for improved irrigation management and

understanding of plant-water relations has led to the

development of several methods for estimating water flow

through plant stems. The stem heat balance (SHB) technique

(Vieweg and Ziegler, 1960; Cermak et al., 1973; Sakuratani,

1981; Baker and Van Bavel, 1987) has the advantages of being

non-intrusive, does not require calibration, responds

rapidly to changes in water flow, and can be used over long
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periods without damage to the plant or the instrument.

The theoretical basis for the SHB method has been

discussed in detail previously (Sakuratani, 1981; Baker and

Van Bavel, 1987; Ham and Heilman, 1990). Briefly, the

technique involves measuring the energy balance of a stem

segment to which a known amount of heat is applied through a

heating element. Thermocouples are used to measure the

partitioning of heat loss between vertical and radial

conduction, two of the three major components of the heat

balance. Heat removed by convection in the rising sap (F)

is then calculated as a residual:

(1)

where Q is the total heat applied to the stem segment, Qv is

the vertical conductive heat loss, Qr is the radial

conductive heat loss, c is the specific heat of water, and

AT is the difference between stem temperature measured above

and below the heater. Two critical assumptions in Eq. 1 are

that i) heat storage in the stem segment is small and

negligible relative to the heat applied, and ii) the term AT

is solely a consequence of the heat applied to the stem

through the gauge heater.

Several studies have reported a high degree of accuracy

of the SHB method when compared with gravimetric

measurements (Baker and Van Bavel, 1987; Ham and Heilman,
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1990) or when sUbjected to mathematical analysis (Baker and

Nieber, 1989; Groot and King, 1992). Nevertheless, at least

one study reported serious errors in direction and magnitude

of the SHB estimates of sap flow when compared with those

obtained with a lysimeter (Shackel et al., 1992).

Disagreement between the two methods was attributed to

violation of one of the critical assumptions of the SHB

technique, namely, that the stem temperature differentials

from below to above the gauge heater (dT) originate solely

from the energy applied to the heater. This conclusion was

based on measurement of substantial, negative dT values even

when power was not applied to the gauge heater. Large

temperature differentials in the environment and conditions

leading to a high radiation load on an exposed stem may

adversely affect the performance of the SHB technique,

particularly if appropriate gauge insulation procedures are

not followed. Although transient, anomalous or unrealistic

values of sap flow can be removed from cumulative daily

totals, diurnal patterns of flow rather than daily totals

are often of great interest in physiological studies. It

is, therefore, desirable to determine the extent to which

diurnal patterns are influenced by artifacts resulting from

environmentally induced variation in dT.

In this study, the results of work on two tropical

woody species carried out to evaluate the effect of

different insulation procedures and materials and the effect
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of canopy cover on the performance of the SHE technique are

presented. The objectives were to assess the impact of

environmentally- induced stem temperature differentials on

the accuracy of sap flow estimates and to develop procedures

for minimizing the influence of this potential measurement

bias.

MATERIALS AND METHODS

Plant Material.

The two woody species used were coffee (Coffea arabica

L. cv. Yellow catuai) and koa (Acacia koa) (Mimosoideae), a

valuable evergreen hardwood tree endemic to Hawaii and one

of the dominant rainforest tree species. For greenhouse

experiments, 2-year old coffee trees grown from seed and

planted in 18-L pots filled with potting mix were used.

Six-month old koa trees grown from seed were planted in 7.5

L pots.

Sap Flow Measurements.

Commercially available sap flow gauges (Dynamax, Inc.,

Houston, TX) were used for all measurements. These gauges,

which have been previously described (steinberg et al.,

1990a), consist of a flexible heating element that surrounds
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the stem, a thermopile to evaluate radial heat loss, and

individual thermocouples above and below the heater to

evaluate vertical conductive heat loss. Although the gauge

components were surrounded by foam insulation supplied by

the manufacturer, additional insulation was installed as

described below. The heating elements were operated at

constant power using a voltage regulator (model AVR3,

Dynamax). A data logger (model CR21X or CRI0, Campbell

Scientific, Logan, UT) equipped with a 32-channel

multiplexer (AM416, Campbell Sci.) permitted up to eight

gauges to be operated simultaneously. Data were recorded at

IS-sec intervals and either 20-min (coffee) or IS-min (koa)

averages were stored in a solid state storage module (SMI96,

Campbell Sci.). The temperature gradient associated with

vertical conductive heat loss was converted to power by

multiplying by the thermal conductivity of wood, 0.42 W m-1

°C-1 (Steinberg et al., 1989). Sheath conductivity (Ksh),

necessary for the calculation of radial heat loss, was

estimated when sap flow was likely to be zero. For coffee

plants Ksh was computed as the average of the apparent Ksh

values measured between 00:00 and 05:00 am for each day.

For koa plants, the lowest Ksh value registered during the

night period was used.
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Greenhouse Experiments.

Experiments on coffee were conducted in greenhouses at

the Hawaiian Sugar Planters' Experiment stations in Kunia

and Aiea, island of Oahu. The trees were thoroughly

irrigated at the beginning of each series of experiments.

The sap flow gauges (models SGB19 and SGB25, Dynamax) were

installed near the base of the stem, approximately 10 to 15

cm above the soil, between two foam extension rings. stem

diameter at the point of attachment of the gauges ranged

from 19.6 to 28.2 mm. The stem surface was smoothed with a

coarse cloth and coated with silicone-based waterproofing

grease (Dow Corning 64, Dow Corning Midland, MI) prior to

gauge installation. Additional insulation installed

consisted of two layers of flexible thin foam (0.5 cm),

surrounded by one layer of thick (2.5 cm) foam. string was

used to wrap the foam tightly around the gauge and stem. An

outer layer of heavy duty aluminum foil was used to wrap the

whole installation. A cone-shaped shield constructed out of

a reflective automobile windshield liner, was attached to

the stem just above the gauge insulation. Open slits

facilitated air circulation. The pots were sealed in

plastic bags from the bottom of the gauge insulation to

avoid soil moisture evaporation and then covered completely

with aluminum foil. Transpiration was determined by
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recording weight loss at 20 min intervals using an

electronic balance accurate to 0.1 g.

Two sap flow gauges installed on separate trees were

typically operated simultaneously on six different days.

One of these was operated in the absence of heating power in

order to assess the influence of ambient conditions on the

stern temperature differential across the heater (AT, Eg. 1).

On several occasions, both gauges were run with the heaters

on and gravimetric data were collected for the two plants

simultaneously. In these cases, a third tree with a

nonheated gauge was monitored simultaneously.

Greenhouse experiments on koa were conducted at the

Dept. of Agronomy and Soil science, University of Hawaii at

Manoa, on the island of Oahu. Five sap flow gauges (model

SGA10, Dynamax) were installed on five separate stems

approximately 15 cm above the soil and insulated following

the procedure described above for coffee. Stem diameter at

the point of attachment of the gauges ranged from 9.5 to 11

mm. The trees were thoroughly irrigated at the start of

each day. Installation of a switchbox permitted selective

interruption of power to individual gauge heaters to allow

heated and nonheated gauges to be run simultaneously. Four

sap flow gauges, two heated and two nonheated, were run for

several days. Transpiration was determined gravimetrically

at 15-min intervals as described above.for coffee.

32



Field Experiments.

Field experiments with coffee were conducted in

commercial fields on the island of Kauai. Three large

fields with the trees grown in a hedgerow configuration were

selected. spacing was 3.60 m between rows and 0.71 m

between plants. Each plant had four to five vertical sterns,

one of which usually became dominant and occupied the upper

plant canopy. The leaf area index (LAI) values for the

three fields were 0.7, 3.4 and 4.2, measured by defoliation

and measurement of all leaves from 8 to 10 plants. In the

field with the lowest LAI, the plants were small (0.5 rn

tall) and did not form a continuous hedgerow. In the two

other fields, the plants formed a dense canopy that fUlly

shaded the bases of the stems. Estimation of radiation

levels below the coffee canopies using Beer's Law, assuming

an extiction coefficient of 0.3 to 0.6 (Jaramillo-Robledo

and Marden dos Santos, 1980), indicated that radiation under

the hedgerows was 30 to 80% lower than radiation above the

canopy at LAI=4.2, and 10 to 30% lower at LAI=0.7.

Field experiments with coffee Were designed to test the

effect of canopy cover on gauge performance. Eight sap flow

gauges (models SGB13, SGB16, SGB19 and SGB25, Dynamax) were

installed on dominant branches approximately 10 to 20 cm

above the soil surface and operated in every field according

to the procedure described above for the greenhouse
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experiments. stem diameter at the location of the gauges

ranged from 13.4 to 28.8 mm. Four of the gauges were

operated in the absence of power applied to the heaters.

This provided an estimate of environmentally induced

fluctuations in ~T. Environmental variables (solar

radiation, air temperature, relative humidity and wind

speed) were monitored from an instrument tower erected in

each field.

Field experiments with koa were conducted in a IS-month

old plantation with a LAI=O.47, at Waiawa on the island of

Oahu. Field experiments with koa were designed to explore

the effect of trunk shielding on gauge performance. Four

sap flow gauges (model SGB25, Dynarnax) were installed on two

IS-month old koa trees which bifurcated at approximately 0.3

m above the ground. Trunk diameter at the point of

attachment of the gauges ranged from 28 to 31 mm. On each

of the two trees, one gauge was installed at the base of

each of the two main branches approximately 15 ern above the

bifurcation. One gauge on each tree was operated with power

applied to the heater while the other was nonheated. The

gauges were insulated with foam and cones following the

procedure described above with the following variant

introduced to assess if the AT signals from nonheated gauges

were being affected by the presence or absence of trunk

insulation: The base of one tree was covered with aluminum

foil from the base of each gauge to the soil surface for a
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distance of approximately 30 cm. The trunk of the other

tree was not covered. After two days, ,foil was removed from

the trunk of the first tree and transferred to the second

and the sap flow gauges were operated again for two

consecutive days.

RESULTS AND DISCUSSION

There was good agreement between average SHB and

gravimetric estimates of transpiration in the greenhouse

tests performed on potted coffee and koa (Fig. 1). With

coffee, differences in transpiration estimated by the two

techniques were less than 10%. Despite substantial air

temperature fluctuations inside the greenhouse (Fig. 2), AT

values inside a nonheated gauge installed on a different

plant remained close to zero throughout the day (Fig. 2).

Slight overestimation of transpiration by the SHE technique

during the morning prior to 1000 h and between 1000 and 1200

h was associated with the occurrence of small, negative AT

values in the nonheated gauge. These patterns suggest that

in the greenhouse experiments with coffee the gauge and stem

insulation procedure employed was adequate to minimize the

bias in stem AT associated with fluctuating external

environmental conditions.

For koa in the greenhouse, the daily course of

transpiration estimated by the SHE technique was
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consistently lower than but generally within 10% of that

determined by weight loss (Fig. 3). This underestimation of

transpiration by the SHE method appeared to be associated

with the occurrence of positive stern AT values in nonheated

gauges installed on adjacent plants. A similar bias in the

AT signals for the heated gauge would lead to an

underestimate of sap flow (Eq. 1). A correction procedure

to remove this potential bias from the AT signal for heated

gauges (Cermak et al., 1984) was therefore undertaken.

Average values of AT obtained from two nonheated gauges

installed on nearby plants were substracted from the AT

values obtained from heated gauges. sap flow rates were

then recomputed using the corrected AT values. In most

cases this procedure sUbstantially improved the agreement

between transpiration estimated by the SHE and gravimetric

methods (Fig. 3). Examination of AT values obtained from

nonheated gauges on consecutive days revealed substantial

day-to-day variation in both magnitude and diurnal course of

AT among gauges (Fig. 4). These results suggest that for

each new gauge. installation the effect of external

conditions on AT values should be evaluated before assuming

that SHE measurements of transpiration are reliable. If all

gauges in a given installation yield similar values of AT in

the absence of power applied to the heaters, then

application of a AT correction factor obtained from one or
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more nonheated gauges operated concurrently may be

justifiable during subsequent SHB measurements.

Diurnal fluctuations in the AT signals from nonheated

gauges on field-grown koa trees were invariably smaller when

the trunk was covered with aluminum foil from the base of

the gauge to the soil surface than when the trunk was left

fully exposed (Fig. 5 and 6). Trunk AT signals measured in

nonheated gauges were positive or negative depending on the

time of day and external conditions, in contrast to the

typically positive values of AT measured in nonheated gauges

installed on greenhouse-grown plants (Fig. 3). These

results suggest that sap flow in the trees with non

insulated trunks would be sUbstantially overestimated during

some portions of the day and underestimated during others

(Fig. 5 and 6). For example, the abrupt peak in

transpiration observed in the non-shielded tree in Fig. 5

shows how environmentally-induced, negative AT can lead to

large transient overestimates of sap flow resulting from

division by a small AT value in Eg. (1). When AT values

obtained from heated gauges installed on trees with non

shielded trunks were corrected by sUbtracting AT

measurements obtained from an unheated gauge on the same

tree, the recomputed diurnal patterns of sap flow were

similar to those obtained from gauges installed on trees

with shielded trunks (Fig. 5 and 6). In coffee trees

growing in the field in a hedgerow configuration, AT signals
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from nonheated gauges were consistently small, typically

slightly positive, and considerably smaller in magnitude

than ~T signals from heated gauges (Fig. 7 and 8). These

results indicated that the small bias in gauge signals

resulting from fluctuating ambient conditions (Table 1, Fig.

7 and 8) had a negligible effect on gauge accuracy. Even at

relatively low values of LAI (Fig. 7) the coffee canopy was

apparently dense enough to shade the stems and minimize

externally induced temperature gradients.

Although water capacitance in the stem could also cause

disagreement between transpiration measured gravimetrically

and sap flow measured with the SHB technique (Waring and

Running, 1978; Kitano and Eguchi, 1989), capacitance is

unlikely to have played an important role in this case,

given the small stem diameter of the plants selected

(Jarvis, 1975). Furthermore, the virtually instantaneous

response of transpiration to fluctuations in solar radiation

(Fig. 5 to 8) suggested that capacitance was minimal for

both coffee and koa trees of the size range used in these

experiments. The results indicate that under some

circumstances the influence of ambient conditions on ~T led

to serious errors in estimates of sap flow. In most earlier

evaluations of the SHB technique using plants grown under

both field (Dugas, 1990; Steinberg et al., 1990a,b) and

greenhouse (steinberg et al., 1989; Ham and Heilman, 1990)

conditions, serious errors associated with environmentally-
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induced stem temperature gradients were not reported. In

field-grown peach trees, however, anomalous stem temperature

differentials imposed by ambient conditions resulted in

large errors in SHE estimates of transpiration (Shackel et

al., 1992). This source of error has apparently gone

unnoticed in at least one field study in which unusually

high SHE estimates of sap flow were reported that were

inconsistent with the low values of stomatal conductance

observed (Zajicek and Heilman, 1991). The results suggest

that for each new gauge installation, similarly installed

heated and nonheated gauges should be operated concurrently

in order to evaluate the potential effect of

environmentally-induced stern temperature differentials on

gauge accuracy. If necessary, insulation and shielding

procedures can then be modified to minimize the magnitude of

~T values observed in nonheated gauges. In cases where it

is not possible to provide sUfficient insulation or when

operating in the greenhouse or other environments with high

energy load and/or rapid and large fluctuations in ambient

temperature, it may be necessary to continuously operate

gauges with the heaters off as "blanks" and apply the

resulting ~T signals as corrections. For field conditions,

under which fully developed canopies reduce the radiant

energy load and temperature fluctuations become smaller,

corrections appear unnecessary since ~T values for nonheated

gauges are likely to be near zero.
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Table 2.1. Environmental variables recorded during the field tests at McBryde
Sugar Co., island of Kauai, and Waiawa Correctional Facility,
island of Oahu.

Species Date Solar Radiation Air Temperature Relatiye Humidity WiodSpeeda

(W m-2) (°0) (%) (m s-1)

Mean Max Min Max Mean Min Max

Coffee June 20 586 1086 22.5 28.5 26.7 60.2 8004 1.85

,f>. Aug. 12 527 1062 23.9 29.2 27.5 58.4 75.5 2.29
C\J

Koa Oct. 14 295 839 19.8 31.6 23.2 57.8 73.7 0.58

Oct. 18 365 954 19.5 29.9 23.7 49.5 73.2 1.32

---------------------------------------------------------------------------------------

a mean value
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CHAPTER 3

ENERGY BALANCE AND LATENT HEAT FLUX PARTITIONING

IN COFFEE HEDGEROWS DURING CANOPY DEVELOPMENT

ABSTRACT

The energy balance of drip-irrigated coffee (Coffea

arabica L. cv. Yellow Catuai) hedgerows was evaluated at

different stages of canopy development using the Bowen

ratio-energy balance technique. simultaneous measurements

of mass flow of water through the coffee sterns using the

heat balance method allowed total latent heat flux (AE) to

be partitioned into crop canopy (AEc) and soil and interrow

vegetation (AEs) components. The average Bowen ratio

decreased from 0.92 at leaf area index (LAI) of 1.4 to 0.36

at LAI of 6.7. Differences in the Bowen ratio between two

consecutive years appeared to be related to stomatal

response to leaf-to-air vapor pressure difference (VPD) and

variations in net radiation (RN ) . Latent heat loss was the

most important component of the energy balance at all stages

of canopy development, while sensible heat flux (H) remained

relatively constant. Soil heat flux (G) invariably

decreased as LAI increased. AEc was the major form of

latent heat loss at all stages of canopy development except

at LAI=1.4, when AEs accounted for 60% of AE. However, the
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magnitude of AEs declined with canopy development, with ABc

accounting for nearly 100% of total AB at LAI=6.7

withholding irrigation dramatically influenced the

partitioning of ener.gy, strongly reducing AB and increasing

H. After irrigation was discontinued ABc dropped rapidly,

and the contribution of ABs to AB became more important.

After irrigation was resumed, a rapid recovery of all energy

balance components to their previous values was observed.

At low LAI, energy balance and latent heat partitioning of

coffee hedgerows grown under wide spacing resembled that of

sparse row crops, but the development of a tall, dense

canopy caused available energy to be partitioned in a way

typically found in closed canopies such as those of forests.

INTRODUCTION

Although sparse canopies are an important component of

natural and agricultural systems and occur seasonally in

agricultural areas (Wilson and Henderson-Sellers, 1985),

most studies addressing the energy balance of plant canopies

have been conducted on annual crops with fUlly developed

canopies (e.g., Brown and Covey, 1966; Biscoe et al., 1975;

McGinn and King, 1990) and on forests (Sa et al., 1988;

Lafleur, 1992). The heterogeneity of the microclimate

associated with row crops (Luxmoore et al., 1973; Hatfield,

1989; Ham and Heilman, 1991), and the lack of techniques to
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partition total latent heat (AE) between its crop canopy

(AEc) and soil (and interrow vegetation) components (AEs),

have hampered a better understanding of the energy balance

of sparse canopies.

Previous studies have relied mostly on the use of

modeling techniques (Shuttleworth and Wallace, 1985; Lafleur

and Rouse, 1990; Massman, 1992) and microlysimeters

(Shawcroft and Gardner, 1983; Lascano e't al., 1987) to

provide separate estimates of AEc and AEs. These studies

have consistently reported that AEs may become the

predominant component of AE during periods of partial cover

(Lascano e't al., 1987; Ham et al., 1990). However, accurate

and direct estimates of the dynamics of AEc and AEs at

different stages of canopy development are still lacking for

a variety of plant canopy types, particularly perennial

crops.

The development of the stem heat balance (SHB)

technique (Vieweg and Ziegler, 1960) and its subsequent

improvements (Cermak et al., 1973; Sakuratani, 1981; Baker

and Van Bavel, 1987) have allowed a better characterization

of the energy balance of sparse crops through direct

measurement of the dynamics of AEc. Sakuratani (1987) used

the SHB technique to study the dynamics of

evapotranspiration and transpiration of a soybean crop and

found that evapotranspiration remained nearly constant

throughout canopy development, and that transpiration
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equalled evapotranspiration at high LAI values, with a

consequent decrease in soil evaporation. Ham et ale (1991)

used the SHB technique to make detailed measurements of the

canopy and soil energy balances of a developing cotton crop,

and found that AEs accounted for more than 50% of AE even at

LAI > 2, and that within-canopy radiation and convective

energy transfer strongly influenced the energy balance.

In this study, the results of work carried out on a

perennial crop growing in a hedgerow configuration under

tropical conditions are presented. The Bowen ratio-energy

balance and the stem heat balance techniques were used to

characterize the energy balance of entire coffee fields, and

to partition AE into its soil and canopy components over a

wide range of canopy development. The effects of a 25-day

long soil drying-reirrigation cycle on the partitioning of

energy loss from a dense coffee canopy are also presented.

MATERIALS AND METHODS

Experimental Site.

Experiments were conducted in commercial coffee fields

at McBryde Sugar Co., Eleele, island of Kauai (lat. 21°54",

long. 154°33", elev. 98 m), from JUly to August and again

from September to November in 1991 and from July to

September in 1992. A summary of the environmental
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conditions prevailing during the measurement periods is

presented in Table 1.

Large fields (37 to 74 ha) with the trees grown in a

hedgerow configuration oriented predominantly east to west

were selected. The spacing was 3.60 m between rows and 0.71

m between coffee trees (Fig. 1). Crop ages ranged from 1.2

to 5.3 years in the fields selected. Measurements were made

in coffee canopies with LAI=I.4, 5.3, 5.4, and 6.7 in 1991

and LAI=3.4, 4.2 and 7.5 in 1992. Individual trees

consisted of four to five vertical stems, one of which

usually became dominant and occupied the upper tree canopy.

Average leaf area per tree increased from 3.67 m2 at LAI=I.4

to 15.57 m2 at LAI=6.7. Hedgerow dimensions increased

approximately from 1.25 in width x 1 m in height at LAI=I.4

to 3 x 2.5 m at LAI=7.5 (Fig. 1). At low LAI (1.4) the

trees did not form dense, complete hedgerows and did not

shade the bases of the sterns completely. At high LAI, dense

hedgerows had developed and the canopy shaded the ground

during most of the day.

Short seedlings of the predominant weeds, less than

0.50 m tall, grew in the interrows in a sparse and irregular

pattern. Dominant weeds in the interrows were the Spanish

needle (Bidens pilosa), purple nutsedge (Cyperus rotundus),

and several grasses.

Irrigation was applied to the fields through drip

irrigation tubes laid along the base of the sterns under the
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plant hedgerows. Approximately 15 to 20 mm of water were

applied to each field during the 36-48 h immediately before

each set of energy balance measurements. The soil under the

hedgerows was kept at field capacity, and soil suction was

monitored daily through a set of ten, 20-cm long

tensiometers installed in each field under the hedgerows.

This ensured that water availability was adequate during the

four- to ten-day period when energy balance measurements

were made. In one field (LAI=6.7), changes in energy

balance were monitored during a 25-day drying-reirrigation

cycle.

Energy Balance Measurements.

The energy balance of the fields was characterized

using the Bowen ratio-energy balance approach (Bowen, 1926;

Tanner, 1960). Detailed error analyses (Fuchs and Tanner,

1970; Sinclair et al., 1975; Angus and Watts 1984), and

minimum sensor elevation (Garrat 1978; Graser et al., 1985)

and fetch requirements (Rosenberg et al., 1983; Heilman et

al., 1989) of the technique have been previously discussed.

Most of the required measurements were made from a 7-m

movable micrometeorological tower positioned in each field

to provide an upwind fetch greater than 100 times the crop

height (Fig. 1). The tower remained in each field from 7 to

10 days.
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In the Bowen ratio method, canopy energy balance is

expressed as:

~+G+H+U=O (1)

where RN is net radiation, G is soil heat flux, H is

sensible heat flux, and U is latent heat flux. Net

radiation was measured with a Fritschen net radiometer

(model Q6, Radiation Energy Balance Systems, seattle, WA)

mounted 6.50 m above the ground and positioned on top of the

crop canopy-interow limit. To ensure that the instruments

were positioned high enough above the canopy, a second net

radiometer was added during the second year so that one was

positioned directly above the plant hedgerow and one above

the center of the interrow. Agreement between the two was

within 10%. Soil heat flux at the surface was measured

using the combination method (Kimball and Jackson, 1979).

In this method, heat flux plates (heat flux plate method)

and soil thermocouples (calorimetric method) are used

simultaneously to calculate soil heat flux. One soil heat

flux plate (HFT-2, Radiation Energy Balance Systems,

Seattle, WA) and two soil thermocouples were placed 1 and 2

cm below the soil surface and positioned at the edge of the

hedgerow, and a second soil heat flux plate and

thermocouples were positioned in the middle of the interrow.
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The Bowen ratio (~), the ratio of sensible to latent

heat loss from the canopy, was calculated as:

(2)

where ~ is the psychrometric constant and ~T and ~e are

gradients of temperature and vapor pressure measured over a

fixed distance in the canopy boundary layer. Combining

equations land 2 gives:

(3)

The gradient in air temperature was measured with a

pair of Cu-constantan thermocouples. Air samples taken at

the same heights were passed through a dew point hygrometer

(Dew-lO, General Eastern corporation, watertown, MA) using a

pump and solenoid valve system (model 023, Campbell

scientific, Logan, UT) that automatically switched the

heights monitored every 4 min with a 2-min switch in

response to a signal from a data logger (CR2lX, Campbell

Sci.). Measurements were averaged and stored every 20 min

in a solid state storage module (SMl92, Campbell

Scientific).
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Transpira~ion and La~en~ Hea~ Flux Par~i~ioning.

The stem heat balance (SHB) technique was used to

measure the transpiration of the coffee plants. The theory

of operation of the SHB technique has been previously

described (Sakuratani, 1981; Baker and Van Bavel, 1987; Ham

and Heilman, 1990). Its satisfactory performance in coffee

was verified in greenhouse and field experiments (Gutierrez

e~ al., unpublished data). Commercially available stem sap

flow gauges (models SGB13 to SGB25, Dyanamax Inc., Houston,

TX) were used for all measurements and installed at the base

of dominant branches having 1.5 to 5.5 m2 of leaf area

distal to the gauge in each field.

The gauges were operated under the control of a

data logger (CR21X, Campbell sci.) equipped with a 32-channel

multiplexer (AM416, Campbell Sci.) that permitted up to

eight sap flow gauges to be operated simultaneously. Data

were recorded at 15-sec intervals, and 20-min averages were

stored in a solid state storage module (SM192, Campbell

Scientific). The average mass flow rate of water through

the coffee sterns was multiplied by the heat of vaporization

of water to estimate ABc. The resulting estimate of ABc was

scaled to a unit ground area basis using the corresponding

value of LAI. AEs was determined as a residual by

sUbtracting AEe from total AE estimated with the Bowen ratio

technique.
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The validity of this approach has been tested before in

cotton canopies (Ham et al., 1990).

Additional Measurements.

stomatal conductance (gg) was measured with a portable

photosynthesis system (model 6200, Li-Cor, Lincoln, NE) on

sun and shade leaves from the upper and middle canopy.

Leaf temperature was measured with a set of eighteen

Cu-constantan thermocouples attached to the adaxial surface

of the leaves and distributed throughout the canopy.

Leaf area index (LAI) was determined by completely

defoliating 8 to 10 representative plants in each field and

measuring their total leaf area in an area meter (Li-cor

3100, Lincoln, NE). Average leaf area per plant was then

multiplied by the plant density defined at planting to

obtain LAI for each field.

RESULTS AND DISCUSSION

Energy balance was determined during 4 to 8 mostly

clear days in each field. Seasonal environmental trends

were characterized by decreasing net radiation and slightly

increasing air temperature from July to November in 1991

(Table 1). Net radiation, air temperature, and leaf-to-air

vapor pressure deficit were greater in 1992 than in 1991.
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Energy Balance Relationships.

Bowen-ratio measurements of the daytime energy balance

in coffee fields with different LAI during representative

days with similar radiation regimes are summarized in Table

2. Partitioning of the cumulative daily energy received by

the fields was similar to that previously reported for crop

canopies with high LAI (close to 4) (Brown and Covey, 1966;

Anderson and Verma, 1986) and forests (Sa et al., 1988).

Our results show that AE was invariably the major component

of the energy balance at all LAI values (Table 2). Evidence

for the occurrence of advection, as jUdged by AE values

exceeding RN (Hanks et a~., 1971; Brakke et al., 1978) or by

positive H values (Rosenberg et a~., 1983) was observed for

only three days at the end of the measurement periods in

fields with LAI=5.3 and 5.4 during the first period of

measurements in 1991.

The energy balance components were normalized by RN to

account for daily and year to year variation in the

radiation regime (Table 3). The ratio AE/RN increased from

0.40 at LAI=1.4 to a maximum of 0.64 at LAI=5.4. H was the

second most important component of the energy balance,

consuming an important fraction of RN that ranged from 0.22

to 0.34. The ratio G/RN consistently decreased from 0.20 to

less than 0.10 as LAI increased, reflecting the almost

complete canopy cover reached at high LAI. Mean Bowen ratio
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values decreased from 0.92 at low LAI to near 0.40 at high

LAI, reflecting an increasing partitioning of energy to AE

as LAI increased. Bowen ratios obtained in this study were

similar to those reported by McGinn and King (1990) for

dense alfalfa and maize canopies in southern Ontario, and by

Sa et ai. (1988) for tropical forests in the Amazon basin,

but substantially larger than the values reported for flood

irrigated cotton fields in Texas by Ham et ai. (1991).

Higher Bowen ratios were recorded in 1992 than in 1991

(Table 3), but the principal factors responsible for this

pattern were not entirely clear. Variations in the Bowen

ratio due to fluctuations in net radiation, canopy

resistance and leaf to air vapor pressure difference have

been observed (Murphy et ai., 1981). Average stomatal

conductance (gs) was 0.10, 0.12 and 0.07 mol m-2 s-1 in

fields with LAI=6.7, 5.4, and 1.4 respectively in 1991,

while in 1992 gs was reduced to 0.08, 0.11, and 0.03 mol m- 2

s-l in fields with LAI=7.5, 4.2, and 3.4, respectively.

Mean VPD measured simultaneously with gs was 1.35 kPa in

1991 and 1.68 kPa in 1992. strong stomatal responses to

humidity in coffee have been reported (Kumar, 1979; Fanjul

et ai., 1985). This suggests that the lower Bowen ratios

observed during 1992 may have been partly attributable to

greater stomatal restriction of transpiration in 1992,

despite maintenance of similar irrigation regimes during the

two years. As a consequence, the ratio AE/RN tended to be
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lower and the ratio H/RN to be higher in all fields measured

in 1992 when compared against their counterparts measured

under the same irrigation regime in 1991. Nevertheless, the

general trend of decreasing Bowen ratios with increasing L

(Table 3) indicated the growing importance of AE as a sink

for RN as the canopy developed.

Examination of the diurnal courses of the energy

balance components at three stages of canopy development

indicated that at LAI=1.4 the diurnal courses of AE and H

were similar (Fig. 2). However, AE was slightly larger than

H, especially during the morning hours, reaching values

close to -300 W m-2 at midday. H steadily increased during

the morning hours and equalled AE in magnitude by 1100 h.

Both AE and H then remained similar for the rest of the day.

G was lower than AE and H throughout most of the day, but

reached a maximum of -250 W m-2 between 1300 and 1400 h,

nearly matching AE and H. G then decreased and became

positive at approximately 1600 h, indicating that energy

flux was directed away from the soil surface towards the

crop canopy. In contrast to the diurnal pattern observed at

LAI=1.4, G was SUbstantially lower at LAI=4.2, reaching a

maximum of -100 W m-2 during the late morning hours (Fig.

1). The magnitude of AE and H were similar, rapidly

increasing in the early morning hours, reaching a maximum of

-400 W m-2 around midday, and remaining high into the

afternoon. At LAI=7.5, G was even lower attaining a maximum
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value of only -75 W m-2 (Fig. 1). Unlike the pattern

observed at lowest LAI values, AE was the dominant form of

energy dissipation until the early afternoon hours, reaching

a maximum of -500 W m-2 shortly after midday and then

decreasing throughout the afternoon. Sensible heat flux,

which remained lower than AE during most of the day, reached

a maximum of -350 W m-2 during early afternoon and equalled

AE throughout most of the afternoon.

Parritioning of Larenr Hear Loss.

Independent estimates of total AE and its coffee canopy

component (AEC) were obtained at different stages of canopy

development (Table 4). The contribution of AEe to total AE

increased from 34% to 95% as the canopy developed, with a

consequent decrease in AEs. These observations are

consistent with previous results obtained through modeling

(Shuttleworth and Wallace, 1985) and experimental approaches

(Sakuratani, 1987) in which evaporation beneath the canopy

decreased curvilinearly with LAI. The fraction of Rn

consumed by the coffee canopy (AEe) increased sharply from

0.12 at to 0.53 over the same range of LAI. This was

associated with a parallel reduction in the ratio AES/RN

from 0.28 at low LAI to less than 0.03 at LAI=6.7.

Diurnal patterns of RN and AE and its coffee canopy

(AEc) and soil and interrow vegetation (AES) components
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(Fig. 3) indicated that the relative magnitude of ABc

consistently increased with LAI with a corresponding

decrease in AEs as the fraction of ground covered by the

coffee canopy increased.

At LAI=1.4, ABs accounted for more than 60% of AE,

frequently twice the magnitude of ABc, which remained low

and relatively constant during the daylight hours (Fig. 3).

Similar results have been reported for flood-irrigated

cotton (Lascano et al., 1987; Ham et al., 1991), in which

AEs accounted for 30 to 50% of AE at all stages of canopy

development (maximum LAI<3). Even under drip-irrigation

management the contribution of AEs to AB was large. Wide

spacing and very sparse canopies combined with frequent

rainfall and dew deposition during the night presumably

supplied the otherwise dry interrow spaces with enough

moisture at low LAI. However, AES decreased sUbstantially

after LAI increased above 3.4. At LAI=5.3, AEc approached

total AE in magnitude and was higher than AEs throughout the

day, although the contribution of AES to total AE was still

substantial. In contrast, at LAI=6.7 AEc often equalled

total AE, sharply reducing the contribution of AEs, which

became important only in the early morning hours, possibly

through evaporation of dew deposited at night, and during

the midday hours when direct radiation reached the narrow

spaces of the interrows.
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Fie~d Energy Ba~ance During Water stress.

withholding of irrigation water strongly influenced the

partitioning of available energy among the energy balance

components (Fig. 4). In a well-irrigated field with

LAI=6.7, AE comprised 60% of RN whereas H consumed 20% of

the available energy. Total latent heat flux decreased

almost immediately after irrigation was discontinued, with a

simultaneous shift in partitioning of available energy

increasingly to H. Fourteen days after the last irrigation,

AE and H were equal in magnitude, consuming 80% of the

energy. This situation remained relatively unchanged for 6

days after which AE declined further to 30% of RN and H

increased to 50% of RN• This coincided with evident wilting

of the leaves and substantial reductions in stomatal

conductance from 0.10 mol m-2 s-l at the beginning of the

drying cycle to 0.02 mol m-2 s-l twenty three days after the

drying cycle had been imposed. The average Bowen ratio

increased from 0.3 under well-irrigated conditions to 1.4

just prior to reirrigation (Fig. 4).

Similar trends in partitioning of energy during water

stress have been reported previously in soybean canopies in

Nebraska (Baldocchi et al., 1983) and in sorghum grown under

wide and narrow spacing (Kanemasu and Arkin, 1974).

Partitioning of AE was also greatly affected by soil

drying (Fig. 4). Under well irrigated conditions, nearly

66



all of AB was attributable to ABc. Latent heat loss from

the coffee canopy started to decrease approximately four

days after irrigation was discontinued, but still accounted

for nearly 100% of AE. However, nine days after the last

irrigation, evaporation from the soil and the interrow

vegetation started to contribute significantly to total AB,

reaching a maximum 17 days into the drying cycle, when it

comprised 15% of RN for approximately 6 days. Leaves were

wilted and presumably played a role in causing this response

by increasing the ground area exposed to direct radiation.

Irrigation was resumed 25 days after the beginning of the

drying cycle, and a quick recovery was observed for all the

components of the energy balance, which returned to the

original levels within two days.

Conclusions.

Perennial row crops such as coffee develop a tall,

extensive canopy that shades the ground with dense foliage

at high LAI, drastically reducing the area of soil exposed

to direct radiation and the amount of time during which the

soil receives direct solar radiation. Under wide spacing

and at low LAI, coffee hedgerows behaved similarly to annual

row crops, in that the contribution of AEs to total AB was

very large. At high LAI, important differences in energy

partitioning between coffee hedgerows and their annual
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counterparts became evident. These included the role of AE

as the most important component of the energy balance, and

the relatively small contribution of AEs to total AE in

coffee fields. This contrasts sharply with annual row crops

in which AEs accounts for 30 to 60% of total AE. Mature

coffee hedgerows thus behave more like closed forest

canopies than widely spaced annual row crops.
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Table 3.1. Daytime environmental conditionss during the measurement periods
at McBryde Sugar Co., island of Kauai.

------------------------------------------------------------------------------------------------------
LAtb ~ Net.radiation

(W/m2)
max mean

Air.temnerature
(Oe)

min max mean

1991

V. P. D.

(kPa)
daytime mean

Wind speed
(m!s)

........• -............................................•.••••••••.•..••.........•.................... _--- -.-._._._-

1.4 Aug. 17-22 740 438 23 29 27 1.18 2.3
Nov. 01-08 616 337 21 28 27 1.18 1.4

5.3 July 24·27 748 409 23 28 26 0.87 1.8
Oct. 08·12 640 351 22 29 27 0.92 1.2

'-I 5.4 July 24·27 748 409 22 26 28 1.02 1.8
N Oct. 08·12 640 351 22 28 26 0.87 1.2

6.7 July 10·14 769 392 22 2S 24 0.59 1.8
Sep.Ol-05 736 385 22 29 26 0.91 1.6

------------------------------------------------------------------------------------------------------
1992

........ __ . __ .... -_ ...... _-_ ......................•...•.••.•..••.............••••........••••••...•........ -.-_._---------
3.4 July 29-05 742 465 24 29 28 1.25 2.3

4.2 June 22·28 771 461 23 29 27 1.29 1.8

7.5 Aug. 25-31 742 399 23 29 27 1.14 2.1

------------------------------------------------------------------------------------------------------
a Average minimum. maximum and mean values during the measurement periods
b Leaf area index



Table 3.2. Daytime energy balance (0800 to 2000 h) in coffee fields
at different stages of canopy development

LAI Date RN -A.E -H -G

------------------11Jrn- 2----------------

1.4 Aug. 20, 1991 16.68 6.53 6.05 3.57

3.4 July 22, 1992 15.72 6.87 5.15 3.88
...,
w

4.2 July 11, 1992 17.71 8.22 6.42 2.78

5.3 July 24, 1991 16.28 9.98 4.01 2.56

5.4 Aug. 11, 1991 15.04 9.73 3.46 2.10

6.7 Sep. 03, 1991 16.67 8.92 4.92 3.07

7.5 Aug. 28, 1992 16.65 9.20 5.12 1.09



Table 3.3. Bowen ratio (~) and average ratio of the energy balance components

to net radiation In coffee fields at different stages of canopy development

LAI Year AE/RN H/RN G/RN ~ a

1.4 1991 0.40 0.34 0.24 0.92±0.52

-.J
3.4 1992 0.43 0.32 0.25 0.81±0.30

~

4.2 1992 0.42 0.34 0.14 0.82±0.66

5.3 1991 0.58 0.30 0.13 0.54±0.28

5.4 1991 0.64 0.27 0.14 O.37±O.25

6.7 1991 0.61 0.22 0.18 0.36±0.14

7.5 1992 0.54 0.30 0.05 0.60±0.58

a Mean dally value ± SE



Table 3.4. Partitioning of total latent heat flux (",E/RN) between its crop canopy
(AEc/RN) and soli and Interrow vegetation (AEs/RN) components
In coffee fields at different stages of canopy development.

LAI Year ",E/RN AEc/RN AEs/RN AEc/AE

1.4 1991 0.40 0.12 0.28 0.34

~
3.4 1992 0.43 0.16 0.26 0.38

111

4.2 1992 0.42 0.38 0.08 0.85

5.3 1991 0.58 0.44 0.12 0.78

5.4 1991 0.64 0.46 0.18 0.72

6.7 1991 0.54 0.53 0.03 0.95
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Fig. 3.1. Diagramatic representation of the experimental
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development.
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CHAPTER 4

ESTIMATING WATER USE AND IRRIGATION REQUIREMENTS

OF COFFEE IN HAWAII

ABSTRACT

Crop evapotranspiration (ETc) was measured as

evaporative heat flux from entire drip-irrigated coffee

(Coffea arabica L. cv. Yellow catuai) fields at different

stages of canopy development using the Bowen ratio-energy

balance technique. Crop transpiration (E), determined with

the stem heat balance technique, comprised from 40 to 95% of

ETc as the leaf area index increased from 1.4 to 6.7.

Irrigation requirements were determined by comparing the ETc

values obtained against reference values (ETa) derived from

a modified Penman equation. In 1991, the average ETc/ETa

was 0.75 to 0.79 for fields containing two- to four-year-old

plantings. This ratio was 0.58 for a field containing a

one-year-old planting. ETc/ETa ratios were approximately

30% lower in 1992 than in 1991, due presumably to higher ETa

values and lower stomatal conductance. Measurements made

between July and August and again between September and

november in 1991 suggested that ETc/ETa may vary seasonally.

Behavior of ETc/ETa and E during a 25-day soil drying cycle

indicated that the crop was able to maintain high levels of
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gas exchange activity even under severe water deficit, and

attests to coffee's high degree of drought tolerance.

INTRODUCTION

The amount of acreage planted in coffee on Hawaii's

sugar plantations has expanded dramatically during recent

years. This return of coffee as a major commercial crop has

been achieved through continued establishment of newly

bearing acreage and improved care of tne orchards. On the

island of Kauai alone, over 4,500 acres of coffee are being

grown under drip irrigation (Hawaii Agricultural statistics

Service, 1991). Nevertheless, actual rates of water use by

the crop have not been estimated.

Reasonably accurate estimates of water requirements for

coffee are crucial because substantial reduction in growth

resulting from limited water supply can occur without

wilting or other visible signs of moisture stress (Meinzer

et al., 1992). Reduced growth signifies that fewer nodes

are present for flower formation and subsequent fruit

production (Browning and Fisher, 1979; Cannell, 1971)

water use by coffee and other crops is most usefully

expressed as a ratio of crop evapotranspiration to the

reference evapotranspiration (ETc/ETo) ' Estimates of

ETc/ETo for coffee grown in other regions typically range

from 0.7 to 0.8 (Blare 1966; Pereira, 1957; Wallis, 1963).
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However, these estimates have been obtained by indirect

methods such as hydrological models or assessing changes in

soil moisture. Pereira (1957), for example, using a soil

water balance model reported that ETc/ETa for coffee growing

in Kenya varied seasonally from 0.5 during the dry season to

0.8 during the wet season. Wallis (1963) and later Blore

(1966) used soil moisture changes to estimate the irrigation

requirements of coffee in Kenya and found the ratio ETc/ETa

to be 0.6 and 0.7 for nonirrigated and irrigated coffee,

respectively. Validation of these estimates under local

conditions is desirable because of the relatively large

variation in climate and agronomic practices among different

coffee growing regions.

The objective of this study was to assess water use by

drip-irrigated coffee growing in Hawaii using more direct

approaches than those previously reported for coffee growing

in other regions.

MATERIALS AND METHODS

Experimental site and Plant Material.

The study was conducted in commercial coffee fields at

McBryde Sugar Co., Eleele, island of Kauai (lat. 21°54" N,

long. 154°33" W, elev. 98 m) from July to November in 1991

and from July to September in 1992. Precipitation patterns
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in Eleele are characterized by seasonal fluctuations in

rainfall with a defined dry season from May to October.

Large fields of Coffea arabica cv. Yellow catuai in the

range of 37 to 74 ha were selected. The fields were planted

in a hedgerow configuration oriented predominantly from east

to west. spacing at planting was 3.6 m between rows and

0.71 m between plants. Yellow catuai is a short and compact

variety that forms dense hedgerows when cultivated at high

density. Leaf area index (LAI) was 1.4, 5.3, 5.4 and 6.7 in

1991, and 3.4, 4.2, and 7.5 in 1992 in the seven fields

selected. crop age ranged from 1.2 to 5.3 years. Hedgerow

dimensions increased approximately from 1.25 x 1 m at

LAI=I.4 to 3 x 2.5 m at LAI=7.5. Average leaf area per

plant increased from 3.68 m2 at LAI=I.4 to 15.57 m2 at

LAI=6.7. Short seedlings of the predominant weeds, Spanish

needle (Bidens pilosa) and purple nutsedge (Cyperus

rotundus), and several grasses grew in.the interrows.

Coffee phenology in the leeward environment of Kauai is

characterized by seasonality in vegetative growth with most

activity occurring from March to November (P. Tausend,

unpublished data). Flower induction and flower bud

development start during September and October, coinciding

with shortening daylength, and then the flower buds undergo

a period of dormancy extending through the dry season.

Dormancy is released by the first rains (Alvim, 1960;

Crisosto et al., 1992). SUbsequent anthesis and fruit
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development start around March (P. Tausend, unpublished

data).

Environmental conditions in each field during the

measurement periods (Table 1) were recorded by sensors

installed on a 7-m instrument tower (see section on ETc/ETa

measurements) erected within each field. Approximately 17

to 20 mm of irrigation water were applied to each field

through drip irrigation lines placed along the base of the

stems in the plant hedgerows, during the 36-48 hours

immediately before each set of ETc determinations. This

ensured that water availability was adequate over the four

to eight-day period during which ETc was measured in each

field. In one field (LAI=6.7), ETc was monitored during a

25-day soil drying-reirrigation cycle.

ETc/ETa Measurements.

crop evapotranspiration (ETc) was measured as

evaporative heat flux using the Bowen ratio-energy balance

technique. A movable 7-m instrument tower was positioned in

each field to provide an upwind fetch greater than 100 times

the crop height. The tower remained in each field for seven

to ten days.
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With the Bowen ratio method, surface energy balance is

expressed as:

~+Gffi+~=O (1)

where RN is net radiation, G is soil heat flux at the

surface, H is sensible heat flux, and ~ is latent

(evaporative) heat flux. Net radiation was measured with a

Fritschen net radiometer (model Q-6, Micromet Systems,

Seattle, WA) mounted 6.75 m above the soil surface. A

second net radiometer was added during the second year so

that each sensor was positioned directly above either the

plant hedgerow or the interrow. Soil heat flux at the

surface was measured using the combination method (Kimball

and Jackson 1979). One soil heat flux plate (HFT-2,

Radiation Energy Balance Systems, Seattle, WA) and two soil

thermocouples placed at 1 and 2 cm below the soil surface

were positioned at the edge of the hedgerow, and a second

soil heat flux plate and thermocouples were positioned in

the middle of the interrow.

The Bowen ratio (P), the ratio of sensible to latent

heat flux from the canopy, was estimated as:

p = H/~ = ~~T/~e
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where ~ is the psychrometric constant and AT and Ae are

gradients of temperature and vapor pressure measured over a

fixed distance in the canopy boundary layer. Combining

equations 1 and 2 gives an estimate of AE as:

(3)

The gradients of temperature and water vapor were

measured with a pair of chromeI-constantan thermocouples

mounted at 5.25 and 6.50 m above the ground using a

commercially available Bowen ratio system (Campbell Sci

entific, Logan, UT). Air samples were taken at the same

heights and passed through a dew point hygrometer (model

Dew-10, General Eastern corporation, watertown, MA) which

automatically switched positions every 5 min in response to

a signal from a data logger (CR21X, Campbell Sci., Logan,

UT). Crop evapotranspiration (ETc) was calculated from data

averaged every 20 min.

Weather data obtained from an automated weather station

(Campbell Sci., Logan, UT) located within 1 km of the

experimental fields at McBryde Sugar Co. were used to

compute daily values of reference evapotranspiration (ETo)

from a modified Penman combination equation (Doorenbos and

Pruitt, 1975).
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Transpiration Measurements.

The stem heat balance (SHB) technique (Cermak et al.,

1973; Vieweg and Ziegler, 1960) as modified by Sakuratani

(1981) and Baker and Van Bavel (1987) was used to estimate

the transpiration rate of the coffee plants. A detailed

desc~iption of the theory of operation of the SHB technique

has been provided elsewhere (Baker and Van Bavel, 1987; Ham

and Heilman, 1990; Sakuratani, 1981). ·Its satisfactory

performance in coffee was verified by field and greenhouse

experiments comparing SHB estimates of transpiration against

weight loss of container-grown plants (Gutierrez et al.,

unpublished data). In each field, eight commercially avail

able stem sap flow gauges (models SHB13 to SHB25, Dynamax,

Inc., Houston, TX) were installed on branches containing 1.5

to 5.5 m2 of leaf area distal to the gauge. These were

operated under the control of a datalogger (model CR21X,

Campbell scientific, Logan, UT) equipped with a 32-channel

mUltiplexer (model AM416, Campbell Sci.). Data were record

ed at IS-sec intervals and 20-min averages stored in a solid

state storage module (model SM196, Campbell sci.). Rates of

water flow through the coffee stems were normalized by

dividing by the leaf area distal to the gauge. The

resulting estimate of crop transpiration rate was scaled to

a unit ground area basis using the corresponding value of

LAI.
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Additional Measurements.

For determination of LAI, eight to ten representative

plants in each field were defoliated and their total leaf

area determined in an area meter (model 3100, Li-Cor Inc.,

Lincoln, NE). Average leaf area per plant was multiplied by

the plant density to obtain a LAI value for each field.

Predawn and midday leaf water potentials (~L) were

determined with a pressure chamber in a field with a LAI=6.7

during a 25-day soil drying-reirrigation cycle. Branch tips

containing one or two pairs of fully expanded leaves were

enclosed in plastic bags before excision and kept in sealed

bags in darkness after excision until measurement.

stomatal conductance (gs) was measured with a portable

photosynthesis system (Li-cor 6200, Lincoln, NE) on sun and

shade leaves in the upper and middle canopy layers

Leaf temperature was determined with a set of 18 Cu

constantan thermocouples attached to the lower surface of

the leaves and distributed throughout the canopy.

RESULTS AND DISCUSSION

ETc/ETa Measurements.

Average ETc/ETa ranged from 0.68 to 0.82 for crop ages

ranging from two to four years in 1991 (Table 2). Average
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ETc/ETa for the 1.5-year-old field (LAI=1.4) was 0.55. In

1992, ETc/ETa was about 0.45 for crop ages ranging from two

to three years and 0.67 for the 5 year-old field. Values of

ETc/ETa obtained in 1991 were consistent with those reported

for coffee grown in other regions (Blore, 1966; Pereira,

1957; wallis, 1963).

In 1991, ETc/ETa was significantly lower (p<0.05)

during September to November than during July and August,

suggesting that a seasonal reduction in water use by coffee

independent of seasonal variation in evaporative demand may

have occurred. Seasonal fluctuations in stomatal activity,

previously reported for coffee (Meinzer e~ al., 1992) may

have played a role in reducing water use by the coffee

canopies. These results suggest that irrigation

requirements were lower during the late part of the dry

season (October to December).

ETc/ETa ratios were sUbstantially lower in 1992 than in

1991 at all ages sampled (Table 2). Several factors seemed

to have played a role in reducing ETc/ETo in 1992. Net

radiation, a major determinant of ETa, was higher in 1992

(Table 1), and this was reflected in higher ETa values in

1992. Lower relative humidity and higher wind speed

recorded during 1992 (Table 1) may also have contributed to

the observed reductions in ETc (Table 2) by reducing

stomatal conductance. Stomata of coffee exhibit a strong

closing response to reduced atmospheric humidity (Fanjul et
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ai., 1985). Average stomatal conductance for all fields

recorded in 1991 was 0.10 mol m-2 s-l, whereas in 1992

average stomatal conductance was 0.07 mol m-2 s-l. Higher

Bowen ratios were also recorded in 1992 (0.60 to 0.92) than

in 1991 (0.45 to 0.66), indicating that a larger proportion

of net radiation was consumed as sensible heat in 1992,

although the irrigation regimes were similar in both years.

The increase in ETc with LAI within each season

reflected the activity of a larger evaporating surface as

the canopy developed. Changes in the AE/RN ratio as a

function of LAI appeared to follow a sigmoidal pattern,

increasing from 0.4 at LAI=1.4 to nearly 0.6 at high LAI

(data not shown). At LAI=6.7, the canopy shaded the soil

during most of the day, suggesting that the remaining net

radiation was consumed mainly as sensible heat and that

further increments in ETc with increasing LAI may have been

small.

Transpirat;ion.

The transpiration component (E) of ETc, expressed as

the ratio E/ETc at different values of LAI (Fig. 1),

followed a pattern consistent with previous observations on

several annual crops (Al-Kaisi et ai., 1989; Brun et ai.,

1972; Ritchie and Burnett, 1971). These reports mention the

existence of a threshold LAI at which E equals ETc.
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Threshold LAI has been found to be nearly 4 for soybean and

sorghum (Brun et al., 1972), 2.7 for sorghum and cotton

(Ritchie and Burnett, 1971), and from 3 to 3.7 for maize

(Al-Kaisi et al., 1989). For coffee fields grown under wide

row spacing in a hedgerow configuration, E comprised 30 to

40% of ETc at low LAI values and then increased steadily to

95% at LAI=6.7 (Fig. 1). Diurnal patterns of E and ETc for

different LAI values (Fig. 2) confirmed that at low LAI (1.4

and 3.4) E comprised a small fraction of ETc (Table 1). At

high LAI (6.7) E equalled ETc except during the midday hours

when soil evaporation presumably became more important as a

result of increasing irradiance in the·interrows. Coffee

transpiration rate measured with the SHB technique agreed

with values previously determined by Nutman (1941) using a

lysimeter. Substantial evaporation of dew from the canopy

surface seemed to have occurred on Aug. 30, 1991, as jUdged

by the high ETc recorded in the absence of E during the

early morning hours (Fig. 2).

These diurnal courses revealed that in fields with low

LAI values (1.4 and 3.4) ETc was higher between 14:00 and

16:00 h than earlier in the day (Fig. 2). This contrasts

with E, which peaked during the morning and early afternoon

hours in fields with low LAI. At LAI=6.7, ETc and E reached

maximum rates around midday and decreased steadily during

the afternoon. The behavior of ETc in fields with low LAI

did not appear to be associated with RN , which began to
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decrease at approximately 14:00 h (Fig. 2). Soil

temperature, on the other hand, attained its maximum values

at about 14:00 h in fields with low LAI and may have caused

ETc to remain high during the latter part of the day (Fig.

2). In fields with high LAI (6.7, Fig. 2) where E/ETc was

close to 1, soil temperature was lower than in fields with

high LAI and decreased rapidly after midday. Sparse foliage

in fields with low LAI was thus an important factor in

reducing interception of radiation by the coffee canopy and

increasing the amount of radiation available for heating of

the soil surface.

Patterns of leaf temperature in relation to soil

temperature also suggested that soil heating played an

important role as a driving force for evapotranspiration in

fields with low LAI. In the field with the lowest LAI, 1.4,

leaf temperature was at least 4°C lower than soil

temperature during the afternoon hours (Fig. 2). In fields

with higher LAI, the daily course of leaf temperature

closely paralleled that of soil temperature, particularly in

the afternoon hours. The behavior of soil and leaf

temperature and of ETc and E in relation to LAI suggest that

it should be possible to reduce water consumption in coffee

fields with low LAI by removing the vegetation growing in

the interrows or by the use of either organic or plastic

mulches.
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Responses ~o Wa~er Defici~.

A 25-day drying-reirrigation cycle was imposed on a

field with LAI=6.7. ETc/ETa began to decline shortly after

irrigation was suspended (Fig. 3A). After day-to-day

variations in E and ETc were normalized by dividing by the

corresponding daily RN, it became apparent that the initial

decline in ETc/ETa was entirely attributable to reductions

in E after irrigation was discontinued (Fig. 3B). After 8

days without irrigation, E/ETc began to decline also,

indicating that the soil and the interrow vegetation began

contributing to ETc (Fig. 3C). Examination of the

components of ETc revealed that the decline in AE/RN (Fig.

3B) was continuous, but 8 days after withholding irrigation

the interrows began contributing to ETc'

E (normalized for variations in RN) started to decline

(Fig. 3B) before any reduction in vL could be detected (Fig.

4). This indicated that stomatal restriction of transpi

ration was taking place in the absence-of changes in the

bulk leaf water status. Observations consistent with this

behavior have been interpreted as cases of root-to-shoot

communication (Bates and Hall, 1981; Crisosto et al., 1992;

Davies and Zhang, 1991) in which root signals mediate

stomatal responses to soil drying before changes in the

water status of the shoot occur.

93



ETc/ETO had dropped to about 0.4 when irrigation was

resumed 18 days after the last irrigation. Although the

leaves were visibly wilted by this time and ~L had reached

-2.14 MPa at midday (Fig. 4), the ETc/ETo value of 0.4 sug

gested that substantial photosynthetic gas exchange was

still taking place. Upon reirrigation, ~L and ETc/ETo

rapidly returned to their original levels. These

observations are consistent with previous reports that

coffee is able to sustain relatively high levels of gas

exchange activity even under severe water stress (Meinzer et

al., 1990), and attest to coffee's high degree of drought

tolerance.

Conclusions.

Given the important role played by water stress in the

flowering process in coffee (Alvim, 1960), information of

the nature presented in this chapter is essential for the

formulation of water balance models aimed at manipulating

the water regime to control coffee flowering under field

conditions (crisosto et al., 1992). The results indicate

that ETc/ETo for coffee ranged from 0.7 to 0.8 for most of

the LAI examined, and that coffee exhibits a high degree of

gas exchange even under severe water stress. Crop

transpiration became an increasingly important component of

ETc as the canopy developed, and soil temperature, i.e.,
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within-row advection, played a major role in driving

evapotranspiration at early stages of canopy development.

variations in stomatal behavior seemed responsible for

seasonal and year-to-year differences in water use.
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Table 4.1. Environmental conditions during the measurement periods
at McBryde Sugar Co.• island of Kauai.

------------------------------------------------------------------------------------------------------
Dates __ Net radiation Air temperature Relative humidity Wind speedA

(W/m2) (Oe) (%) (m/s)

max mean min max mean min max mean

---------------~-------------------------------------- ------------------------------------------- -----
1991

.............•...................................•..•..•..•..•..•.•••.•..•.•••••••••..•...................................

August 17·22 740 438 23 29 27 58 82 67 2.3

November 01·08 616 337 21 28 27 57 82 67 1.4

~

co
July 24·27 748 409 23 28 26 62 94 1.874

October 08-12 640 351 22 29 27 65 89 74 1.2

July 24·27 748 409 22 26 28 62 94 73 1.8

October 08·12 640 351 22 28 26 65 89 74 1.2

July 10-14 769 392 22 25 24 79 88 80 1.8

September 01·05 736 385 22 29 26 67 84 73 1.6



Table 4.1. (continued) Environmental conditions during the measurement periods
at McBryde Sugar Co., island of Kaual.

------------------------------------------------------------------------------------------------------
1992

\0
\0

July 29-05

June 22·28

August 25·31

a Mean daily values

742

771

742

465

461

399

24

23

23

29

29

29

28

27

27

62

58

59

77

76

78

67

64

68

2.3

1.8

2.1



Table 4.2. Average (±SE) transpiration (E), crop (ETc) and reference (ETO)
evapotranspiration, and ETc/ETO for coffee fields In Hawaii.

Age LA I

(years)

Dates E

(mm/day)

ETc

(mm/day)

ETO

(mm/day)

ETc/ETO

---------------------------------------------------------------------------------------
1991

---------------------------------------------------------------------------------------

1.5 1. 4

4.3 6.7

3.0 5.3

f-'
o
o 2.4 5.4

Aug. 17·22 0.97±O.1Z 4.01tO.54 6.79tO.24 0.S9±O.06

Nov. 01·08 0.67:1:0.12 2.04tO.20 4.06±O.41 O.Sl±O.OB

Aug. 07·12 3.30±O.48 5.31tO.45 6.52tO.S2 0.82tO.04

Oct. 21·27 2.95±O.31 3.40tO.32 4.40±O.61 0.78±O.O6

July 24·27 3.58±O.40 S.31±O.39 6.22±O.17 0.81±O.O4

Oct. 08·12 2.37±O.18 3.40±O.10 4.64tO.32 0.68±O.O2

July 10·14 N.A.z S.23±O.10 6.60±O.10 0.79±O.O4

Sep. 01·05 3.63±O.35 3.70±O.S6 4.99±O.70 O.74±O.Ol



Table 4.2. (continued) Average (±SE) transpiration (E), crop (ETc) and reference
(E TO) evapotranspiration, and ETc/ET 0 for coffee fields in Hawaii.

1992

2.0

3.1

5.3

3.4

4.2

7.5

July 29·05 1.49±O.25

June 22.28 N.A.

Aug. 25·31 N.A.

3.58±O.17

3.13±O.47

3. 88±O.3 4

7.40±O.27

7.42±O.49

5.92±O.82

0.48±O.02

0.42±O.06

0.67±O.12

I-'
o
I-'

---------------------------------------------------------------------------------------
Z Data not available
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CHAPTER 5

CARBON ISOTOPE DISCRIMINATION AND PHOTOSYNTHETIC GAS

EXCHANGE IN COFFEE HEDGEROWS DURING CANOPY DEVELOPMENT

ABSTRACT

Leaf carbon isotope discrimination (~), photosynthetic

gas exchange, nitrogen content, and photosynthetic nitrogen

use efficiency (PNUE) were measured in coffee hedgerows at

different stages of canopy development with leaf area index

(LAI) from 0.7 to 7.5. Assimilation was highest in sun

leaves, but stomatal conductance was highest in shade

leaves, which resulted in a high correlation between

assimilation and stomatal conductance in sun but not in

shade leaves. ~ was about 20/00 lower in sun than in shade

leaves and varied by 2.30/00 among leaves at different

positions along two-year old branches. These differences in

~ were the result of changes in leaf c~rbon isotope

composition that occurred in mature, fully expanded sun

leaves as they became shaded during subsequent canopy

growth. Results from a mass balance model based on leaf gas

exchange characteristics and measured foliar ~ values

suggested that about 40 to 50% of the carbon originally

fixed during leaf development in the sun was subsequently

turned over in the shade. ~ of sun leaves from the upper
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canopy decreased by about 2%0 with increasing LAI,

indicating that intrinsic water-use efficiency (WUE) of this

canopy layer increased during canopy development. In

apparent contrast, instantaneous WUE, estimated as

assimilation divided by canopy transpiration obtained from

sap flow measurements, decreased with increasing LAI. PNUE

of upper canopy sun leaves decreased with increasing LAI,

suggesting a physiological compromise between WUE and PNUE

mediated by stomatal conductance which also decreased with

increasing LAI. A strong negative correlation obtained

~etween leaf A and N content was consistent with a tradeoff

between intrinsic water- and N-use efficiency.

INTRODUCTION

Discrimination (A) against the heavier stable carbon

isotope 13C occurs during photosynthetic incorporation of

CO2 into plant biomass (Farquhar et al., 1982 ).

Diffusional and biochemical components of this

discrimination process have been identified (O'Leary, 1981;

Farquhar et al., 1982), and models relating the carbon

isotope composition of leaf tissue to photosynthetic gas

exchange characteristics have been developed (Farquhar et

al. 1989). In C3 plants, A largely depends on the ratio of

intercellular to atmospheric partial pressure of CO2 (Pi/Pa )

prevailing when the leaf carbon is assimilated (Evans et
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al., 1986; Farquhar et al., 1982), which in turn is related

to the ratio of assimilation (A) and stomatal conductance

(gs)' an index of intrinsic water-use efficiency (WUE)

(Ehleringer et al., 1985; Farquhar et al., 1989).

These relationships have been exploited by using ~ as

an integrated measure of photosynthetic gas exchange

characteristics in plants sUbjected to variation in

environmental factors such as light (Ehleringer et al.,

1987; Zimmerman and Ehleringer, 1990; Schleser, 1990),

salinity (Guy et al., 1980), soil water availability (Hubick

et al., 1988; Meinzer et al., 1990) and soil strength (Masle

and Farquhar, 1988). Analysis of leaf ~ values has also

been explored as a potential screening tool for identifying

genetic variation in WUE (Hubick et al., 1986; Wright et

al., 1988) and yield (Condon et al., 1987; Hubick et al.,

1990; Meinzer et al., 1991).

Most studies of leaf ~ in relation to gas exchange and

plant performance have relied on leaf tissue sampled at a

single point in time and on leaf gas exchange measured over

a relatively short time interval. Few reports of longer

term variation in ~ and gas exchange related to plant

development (Donovan and Ehleringer, 1991, 1992) and

environmental conditions (Meinzer et al., 1992) are

available.

In evergreen woody species, leaf ~ integrates

phenological rhythms in gas exchange as well as changing
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environmental conditions (Meinzer et al., 1993). These

factors may make it difficult to relate current

physiological performance to d for a particular leaf. In

addition, leaves may be retained by the plant for long

periods, and their current physical position and

microenvironment within the canopy may not reflect those

which prevailed when their cellulose carbon was assimilated.

Nitrogen concentration of plant tissues has also been

shown to change during growth and ontogeny (Ingestad and

Agren, 1991; Coleman et al., 1993) and in response to light

conditions (Field, 1983; Field et al., 1983; Hirose and

Werger, 1987; Ackerly, 1992). In Carex acutiformis,

nitrogen concentration strongly decreases from the top to

the bottom of the canopy (Hirose et al., 1989). DeJong and

Doyle (1985) reported that leaf photosynthetic capacity of

peach trees is optimized by partitioning of nitrogen content

with respect to natural light exposure. This effect of the

light microclimate on the nitrogen distribution within the

canopy has led several workers to explore a possible

relationship between WUE and photosynthetic nitrogen use

efficiency (PNUE) , mediated by stomatal conductance. WUE

and PNUE have been found to be negatively correlated in a

variety of plant species (Field et al., 1983; DeLucia and

Schlesinger, 1991).

In this chapter, the results of work on coffee

hedgerows over a wide range of canopy development are
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presented. Foliar ~ and nitrogen content were measured

concurrently with gas exchange for four leaf positions at

several stages of canopy development. To relate intrinsic

WUE derived from leaf ~ values to the actual instantaneous

WUE (A/E), transpiration (E) was also measured concurrently

using the stern heat balance technique.

MATERIALS AND METHODS

Experimenta~ Site and Plant Material.

Measurements were carried out in commercial coffee

(Coffea arabica L.) fields at McBryde Sugar Co., Eleele,

island of Kauai (lat. 21°54", long. 154°33", alt. 98 m),

from July to November in 1991 and from July to September in

1992. The site receives an average of 850 mm of rain

annually with a rainy season from October to March and a dry

season from April to September, during which monthly

rainfall fluctuates between 30 and 60 mm (Giambelluca et

al., 1986).

Environmental conditions (solar radiation, air

temperature, relative humidity, vapor pressure of the air,

and wind speed) during the measurement periods were

monitored from an instrument tower erected within each

field. Water was applied weekly to each field through drip

irrigation lines placed along the bases of the stems in the
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plant hedgerows. Approximately 17 to 20 mm of water were

applied to each field during the 36-48 hours immediately

before each set of measurements. This ensured that water

availability remained adequate during the four to eight-day

period during which gas exchange was measured in each field.

Large fields (35 to 75 hal of the coffee cultivar

Yellow Catuai, a short and compact variety that forms dense

hedgerows when cultivated at high density, were selected.

Spacing at planting was 3.60 m between rows and 0.71 m

between plants. Crop age ranged from 1 to 5.3 years in the

eight fields selected. Measurements were made in fields

with LAI=1.4, 5.3, 5.4, and 6.7 in 1991 and LAI=0.7, 3.4,

4.2 and 7.5 in 1992. Each plant consisted of four to five

vertical stems, one of which usually became dominant and

occupied the upper plant canopy. Average leaf area per

plant increased from 1.68 m2 at LAI=0.7 to 15.57 m2 at

LAI=6.7. Hedgerow dimensions increased from approximately

0.75 x 1 m at LAI=0.7 to 3 x 2.5 m at LAI=7.5. At low LAI

(0.7 and 1.4) the plants did not form a dense, complete

hedgerow, and the canopy did not completely shade the bases

of the stems. At high LAI (6.7), dense hedgerows developed,

and the canopy shaded the ground during most of the day.

Shoot development in coffee is characterized by a

dimorphic branching pattern in which orthotropic (vertical)

shoots produce plagiotropic (horizontal) branches. New

leaves develop and reach maturity in full sun, predominantly
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at the tips of plagiotropic branches (Maestri and Santos

Barros, 1977) and then become shaded during subsequent

canopy growth. Coffee leaves are frequently retained for

more than one year (Vasudeva, 1967; Ramaiah and

Venkataramanan, 1985).

Coffee phenology in the study area is characterized by

seasonality in vegetative growth with most activity

occurring from March to November (P. Tausend, unpublished

data). Flower induction begins during September and

October, coinciding with shortening daylength, and then

flower buds undergo a period of dormancy that extends

through the dry season of the following year. Flower bud

dormancy is released by the first rains (Alvim, 1960;

Crisosto et al., 1992). Subsequent anthesis and fruit

development start around March (P. Tausend, unpublished

data).

Carbon Isotope Discrimination.

Stable carbon isotope composition of leaf samples was

determined for four leaf position classes in each of the

eight fields. The youngest fully expanded leaves of

branches in the upper and middle canopy layers were

considered sun leaves, whereas leaves at the basal third of

the same branches were considered shade leaves. Mean

Photosynthetic photon flux density (PPFD) during the midday
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hours (1100 to 1300), measured near the leaf surface with a

quantum sensor attached to the gas exchange cuvette (see

section on gas exchange), was generally between 900 and 1200

~mol m-2 s-1 for sun leaves and between 250 and 450 ~mol m-2

s-1 for shade leaves. In one field (LAI=3.4) , leaves were

collected at eight nodes along two-year old branches from

the middle canopy layer. One sun and one shade leaf from

the upper and middle canopy from both the north- and south

facing side of the plants were selected, for a total of 20

leaves per leaf class position. These composite samples

were oven-dried at 70°C and finely ground. Subsamples were

then sent to the Stable Isotope Laboratory at Boston

University where they were combusted and the relative

abundance of 13C and 12C in the CO2 produced was analyzed by

mass spectrometry. The error between repeated analysis of

sUbsamples from the same leaves was less than 0.1 roo. Carbon

isotope composition was expressed as the 13C/12C ratio

relative to that of the PeeDee belemnite standard. The

resulting o13C values were used to calculate isotopic

discrimination as:

(1)

where 0a is the isotopic composition of the air (-4.4 0/00)

(Farquhar et al., 1989) and op is the isotopic composition

of the plant material.
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Gas Exchange.

Assimilation (A) and stomatal conductance (gs) of fully

expanded sun and shade leaves from the upper and middle

canopy were measured-with a portable gas exchange system

(LI-6200, Li-Cor, Inc., Lincoln, NE). The ratio of

intercellular to ambient CO2 partial pressure (Pi/Pa ) was

calculated using the corrections described by von Caemmerer

and Farquhar (1981). Leaf chamber CO2 concentration was

allowed to return to the ambient level between measurements.

Daily courses (0700 to 1700 h) of gas exchange were measured

during one to three days in each field. One leaf in each of

the four leaf position classes was marked on the north- and

south-facing side of five plants, for a total of 40 leaves

(eight leaves per plant).

The average of the 15 highest A values for each day and

their corresponding gs and Pi/Pa for each leaf position

class were used for comparisons with A. Estimates of Pi/Pa

were used to predict Ap from the equation:

Ap = a + (b - a) (Pi/Pa) (2)

where a is the discrimination resulting from slower

diffusion of 13C02 than 12C0 2 in the air (4.4 o/oo)and b is the

discrimination associated with carboxylation by Rubisco (=

29 0/00).
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Transpiration Measurements.

Transpiration (E) was measured as mass flow of sap

through the stems using the heat balance teChnique (Vieweg

and Ziegler, 1960; Cermak et al., 1973; Sakuratani, 1981;

Baker and van Bavel, 1987). Its satisfactory performance in

coffee was verified by greenhouse and field experiments

(Gutierrez et al., unpublished data). commercially

available stern sap flow gauges (models SGB13 to SGB25,

Dynamax Inc., Houston, TX) were used for all measurements

and installed at the base of dominant branches containing

from 1.5 to 5.5 m2 of leaf area distal to the gauge.

The gauges were operated under the control of a

datalogger (CR21X, Campbell Sci., Logan, UT) equipped with a

32-channel multiplexer (AM146, Campbell Sci.) that permitted

up to eight sap flow gauges to be operated simultaneously.

Data were recorded at IS-sec intervals, and 20-min averages

were stored in a solid state storage module (SM192, Campbell

Sci.). The average mass flow of water through the coffee

stems was normalized by dividing by the leaf area distal to

the gauge to obtain E.
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Additional Measurements.

Leaf samples taken from the same four leaf position

classes used for the gas exchange and d measurements were

used to determine total organic nitrogen content by the

micro-Kjeldahl method in an auto-analyzer (Isaac and

Johnson, 1976). Nitrogen content was expressed either as %

N or as N concentration on a leaf area basis (mol N m-2 ) by

dividing by the average specific leaf weight of each leaf

class. Photosynthetic'nitrogen use efficiency (PNUE) was

calculated by dividing the average of the fifteen highest A

values of each leaf class by its average nitrogen

concentration.

Leaf area index (LAI) was determined by completely

defoliating 8 to 10 representative plants in each field and

measuring their total leaf area in an area meter (Li-Cor

3100, Lincoln, NE). Average leaf area per plant was then

multiplied by the plant density to obtain LAI for each

field.

RESULTS

Sun leaves from the upper canopy layer exhibited lower

d values than those from the middle canopy, and these two

position classes exhibited lower d values than shade leaves

from the upper and middle canopy (Table 1). An exception to
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this pattern occurred in the youngest field studied

(LAI=0.7) where a clear difference in ~ between sun and

shade leaves was not observed (Table 1). The difference in

~ between sun and shade leaves generally increased with LAI

up to a maximum of about 2.30/00 above LAI=5 (Table 1). Mean

foliar ~ of the four leaf positions combined remained

relatively constant during canopy development, except that

in ~ of upper sun leaves declined with canopy age and

development (Table 1).

Daily courses of gas exchange revealed that gs tended

to be higher in shade than in sun leaves, attaining its

maximum values prior to 1200 h, followed by a steady decline

during the remainder of the day (Fig. 1). In contrast to

gs' A was substantially higher in sun than in shade leaves

(Fig. 1).

stomatal conductance of all leaf position classes

decreased with increasing LAI (data not shown), and the

decline was most pronounced in upper sun leaves (Fig. 2).

Assimilation of upper sun leaves also declined with

increasing LAI, but the reduction in A was not as large as

that in gs (Fig. 2). This resulted in a small increase in

intrinsic water-use efficiency (A/gs ) of upper sun leaves

with canopy development (data not shown).

A and gs were highly correlated in sun leaves (r=0.90;

p<0.05), but weakly correlated (r=0.60; p<0.05) in shade

leaves (Fig. 3). Average maximum A and gs of upper sun
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leaves were positively correlated with ~, but the

correlation between ~ and gs was higher (r=0.84; p<0.05)

than that between ~ and A (r=0.68; p<0.05) (Fig. 4). The

correlation between ~ and A and gs of upper shade leaves was

high (r=0.82 and 0.88 respectively; p<0.05), but low for the

other two leaf position classes (data not shown). A/gs was

negatively correlated with leaf ~ (r=0.86; p<0.05) when all

leaf categories were considered together (data not shown).

The correlation was strongest in upper sun leaves (r=0.88)

when gas exchange and leaf A measurements obtained at the

earliest stage of canopy development studied (LAI=0.7),

where clear differences between sun and shade leaves were

not observed, were excluded from the analysis.

Leaf A was significantly correlated (r=0.78i p<0.05)

with measured Pi/Pa of all leaf classes (Fig. 5). At low

values of Pi/Pa observed in upper sun leaves the

relationship between ~ and Pi/Pa appeared to be consistent

with that predicted by equation 2 (Fig. 5, dashed line).

However, the measured and the theoretical relationship

between ~ and Pi/Pa increasingly differed with increasing

Pi/Pa in shaded leaves (Table 2, Fig. 5)

Coffee leaves are initiated and mature predominantly as

sun leaves at the tips of plagiotropic branches (Maestri and

Santos-Barros, 1977). The cellulose carbon of shade leaves

should therefore exhibit A values consistent with prevailing

Pi/Pa in sun leaves rather than the current, higher Pi/Pa of
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shade leaves. Higher foliar ~ observed in shade than in sun

leaves thus suggested that substantial turnover of non

cellulose carbon occurred during the process of leaf

acclimation to the shade. A simple model was developed to

estimate the amount of carbon turned over and replaced by

carbon assimilated at higher Pi/Pa in the shade:

(3)

where ~shade is the average ~ value for each shade leaf

category, ~sun is the average ~ for sun leaves in the same

canopy position, ~p is the ~ value calculated from gas

exchange measurements (pi/pa) in shade leaves using Equation

2, X is the fraction of carbon turned over, and (1-X) is the

fraction of remaining carbon assimilated in the sun.

Solving for X gives:

(4)

When the model was applied to upper and middle canopy

shade leaves it predicted that 40 to 45% of the carbon

originally assimilated in the sun was turned over during the

process of leaf acclimation to the shade.

Further evidence of changes in ~ of mature leaves

during acclimation to the shade was obtained from leaf

samples taken at successive nodes along two-year old
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branches in a canopy with LAI=3.4 (Fig. 6A). Leaf A

increased 2.3 %0 from the tip to the base of the branches,

and a biphasic pattern suggested a seasonal influence on

leaf A (Fig. 6A). The increase in leaf A from the tip to

the base of the branch coincided with a decrease in leaf

nitrogen content (Fig. 6B). This resulted in a highly

significant negative correlation (r=-0.96) between A and %N

when both varied as a function of leaf position along a

branch (Fig. 7A). Foliar A and %N were also significantly

correlated in upper sun leaves sampled at different stages

of canopy development (Fig. 7B). The relationship between A

and %N appeared to be similar regardless of whether

variation in both was associated with the light environment

or canopy development (Fig. 7C). The preceding results and

the positive correlation observed between A and A (Fig. 4)

suggested that a physiological compromise between intrinsic

WUE and photosynthetic nitrogen-use efficiency (PNUE)

occurred. When A and PNUE of upper sunlit leaves were

examined in relation to canopy development, both were found

to decrease with increasing LAI (Fig. 8A and 8B). Thus,

higher intrinsic WUE (lower A) of sunlit leaves in older

canopies was associated with a decline in PNUE. In

contrast with increasing intrinsic WUE inferred from

decreasing A values in upper sun leaves during canopy

development (Fig. 8B), WUE of the whole canopy, estimated as

AlE, decreased with increasing LAI (Fig. 8e).
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DISCUSSION

Differences in daily courses of A and gs (Fig. 1) and

in average maximum A and gs (Fig. 3) of the four leaf

categories sampled in the present study are consistent with

previous studies (Nunes et al., 1968; Kumar and Tieszen,

1980; Raju and Vasudeva, 1984; Fanjul et al., 1985), and

support the idea that coffee exhibits photosynthetic gas

exchange behavior typical of a shade plant (Maestri and

Santos-Barros, 1977). The highest values of gs were usually

observed in shade leaves during the early morning hours and

rapidly declined after 1000 h. High stomatal sensitivity of

coffee to environmental factors such as light, temperature

and especially leaf-to-air vapor pressure difference, has

been proposed as an explanation for this behavior (Kumar,

1979; Fanjul et al., 1985).

A also reached its maximum rates during the early

morning hours, but in contrast to gs' maximum A was

typically measured in sun leaves in the upper part of the

canopy despite lower gs values. This suggests that A of

shade leaves was limited by low light availability rather

than by gs. As a consequence, A and gs were highly

correlated in sun but not in shade leaves (Fig. 3). High

Pi/Pa is usually associated with high A (Farquhar and

Sharkey, 1982), but shade leaves showed a deviation from

this behavior.
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The large differences in d found among the four leaf

categories are noteworthy. Several authors have reported an

increase in leaf d with decreasing irradiance, presumably

associated with high pi/pa under shade conditions

(Ehleringer et al., 1987; Schleser, 1990; Zimmerman and

Ehleringer, 1990). However, as pointed out above, coffee

leaves develop predominantly at the tips of plagiotropic

branches, and thus most of their carbon should be

assimilated when they are exposed to conditions favoring the

development of sun leaves. Therefore, large differences in

d among the four leaf classes should not necessarily be

expected, since leaf maturation occurred under relatively

similar light regimes. Nevertheless, differences in leaf d

of ca. 2 o/ooamong the four leaf classes were observed (Table

1), indicating that substantial changes in the carbon

isotope composition of the leaf tissue took place as mature,

fully expanded leaves became progressively shaded during

canopy development. The 2.30/00 difference in leaf d from the

tip to the base of 2-year-old coffee branches containing 21

nodes (Fig. 6) is consistent with this ·idea. An apparently

similar phenomenon has been observed in branches of huon

pine (Francey et al., 1985) in which a gradient in d of 2.60/00

was found between leaf tip and branch wood. Translocation

of photosynthate from exposed to shaded branches was

proposed as the mechanism responsible for this variation.

The most likely explanation for this phenomenon seems to be
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turnover of non-cellulose carbon during the process of leaf

acclimation to the shade (Evans, 1989; Sims and Pearcy,

1991; Lance and Guy, 1992), during which labile carbon

compounds synthesized under high irradiance are metabolized

and later resynthesized under lower irradiance and higher

Pi/Pa • Mobilization of carbohydrates in shade leaves and

subsequent transport to developing fruits has been shown to

occur in coffee (Cannell and Huxley, 1969).

~ was more closely correlated with current gas

exchange characteristics in sun than in shade leaves (Fig. 4

and 5, Table 2). Using sun leaves as a reference, a simple

mass balance model predicted that about 40 to 45% of the

carbon originally fixed in the sun was turned over in shade

leaves. Thus, if the isotopic composition of carbon in

cellulose, lignin, and other non-labile leaf constituents

remained fixed, ~ values of shade leaves would never be

consistent with their current gas exchange. This has

important implications for defining leaf sampling procedures

for carbon isotope analysis and for drawing conclusions

concerning mechanisms of adjustment in leaf ~ based on a

limited amount of current gas exchange data. Unfortunately,

studies addressing the distribution of carbon isotopes among

different leaf constituents (O'Leary, 1981; Brugnoli et al.,

1988), and work on long-term biochemical changes during leaf

acclimation to the shade (Lance and Guy, 1992) are scarce.

Nitrogen content (mol N/m2 leaf) was higher in sun than
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in shade leaves, consistent with previous observations

(DeJong and Doyle, 1985; Evans, 1989; Hirose et al., 1989;

Ackerly, 1992) of a dominant effect of the light

microclimate on the nitrogen distribution within the canopy.

The concurrent decrease in PNUE and A of sun leaves (Figure

8A and 8B) was consistent with a physiological compromise

between WUE and PNUE that has been reported to occur in

several vegetation types (Field et al., 1983; DeLucia and

Schlesinger, 1991; Donovan and Ehleringer, 1991, 1992).

These two indexes have been found to be linked through

stomatal conductance (Field et al., 1983) whereby an

increase in intrinsic WUE achieved through a reduction in gs

would also diminish photosynthetic CO2 fixation per unit of

nitrogen in the leaf. optimization of photosynthesis by

partitioning of leaf nitrogen content with respect to

natural light exposure (DeJong and Doyie, 1985) appears to

govern the physiological antagonism between nitrogen and

water use efficiency, since coffee leaves exposed to high

light environments exhibited lower gs than their shade

counterparts. Additional evidence for this inverse

relationship between intrinsic WUE and PNUE in coffee

canopies comes from the negative correlation found between

nitrogen content and A in sun leaves sampled in canopies

having different LAI values and in leaves sampled along 21

node-long branches in a canopy with LAI=3.4 (Fig. 7C).

When only sun leaves from the upper canopy layer were
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taken into account, a substantial reduction in leaf A of ca

20/00 with increasing LAI was observed (Fig. 8A). The

corresponding increase in intrinsic WUE of these leaves

appeared to be the result of a greater relative decline in

gs than in A during canopy development (Fig. 2). Reductions

in A and gs with increasing plant size have been reported in

a'variety of species (Schulze and Hall, 1982; Meinzer and

Grantz, 1990; Donovan and Ehleringer, 1991). The

physiological mechanism of this adjustment is not entirely

clear but may involve root to shoot communication (Meinzer

and Grantz, 1991; Meinzer et al., 1991). Although

restriction of sampling to upper sun leaves is a protocol

commonly employed to study processes during canopy

development (Harrington et al., 1989; Donovan and

Ehleringer, 1991, 1992), the results obtained may not

reflect the behavior of the canopy as a whole. In the

present study, for example, combined A values for all leaf

categories suggested that intrinsic WUE of the canopy

remained relatively constant as LAI increased (Table 1).

Estimates of instantaneous WUE (AlE) at different

stages of canopy development further suggested that WUE of

the whole canopy may have actually declined with increasing

LAI (Fig. 8e). The decrease in AlE with increasing LAI was

a consequence of declining A, whereas E remained relatively

constant during canopy development, despite reductions in

gs. These contrasting patterns illustrate the variety of
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factors and the complexity involved in scaling between

instantaneous and integrated estimates of WUE.
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Table 5.1. Carbon isotope discrimination (d) or sun and shade leaves

from coffee hedgerows at different stages of canopy development.

---------------------------------------------------------------------------------------

Age LA! Year ------------------------Leaf li
(%0)__________________________

(years)
upper middJe upper middle mean shade-sun
sun sun shade shade

1.0 0.7 1992 20.2 20.2 19.9 19.9 20.1 -0.3

1.5 1.4 1991 19.0 19.3 20.3 20.6 19.8 1.3

2.0 3.4 1992 19.1 19.3 20.1 22.5 20.3 2.1
f-'
w 2.4 5.4 1991 19.5 19.8 20.1 20.8 20.1 0.7
t-..l

3.0 5.3 1991 18.8 20.1 19.9 23.4 20.6 2.3

3.1 4.2 1992 18.5 21.4 20.7 23.3 21.0 2.0

4.3 6.7 1991 18.6 19.4 21.8 21.0 20.2 2.4

5.3 7.5 1992 18.3 19.8 20.2 22.6 20.2 2.3



Table 5.2. Difference between calculated and actual leaf 6. for each leaf category

Leaf class pilpa ______Leaf ~ (%0) _

,...
w
w

Upper sun

Middle sun

Upper shade

Middle shade

0.63

0.66

0.73

0.77

Equation 3

19.8

20.7

22.3

23.5

actual

19.0

19.9

20.4

21.8

Equation 3

-actual

0.8

0.8

1.9

1.7
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Fig. 5.2: stomatal conductance and assimilation of upper sun
leaves in coffee hedgerows at different stages of canopy
development (LAI).
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CHAPTER 6

REGULATION OF TRANSPIRATION IN COFFEE HEDGEROWS:

INFLUENCE OF SPATIAL SCALE AND COVARIANCE OF ENVIRONMENTAL

FACTORS ON THE APPARENT ROLE OF STOMATA

ABSTRACT

stomatal control of transpiration was studied in coffee

(Coffea arabica L. cv. Yellow Catuai) hedgerows at different

stages of canopy development with leaf area index (LAI) from

0.7 to 6.7. Average values of the decoupling coefficient n

were between 0.7 and 0.8 at all LAI examined. Average

stomatal, boundary layer and total vapor phase conductance

(crown conductance) remained relatively constant during

canopy development, although maximum stomatal conductance

initially increased then decreased with LAI. stomatal and

crown conductance attained maximum values early during the

day and steadily declined as both leaf-to-air vapor pressure

difference (VPD) and photosynthetically active photon flux

density (I) increased. Covariance of environmental factors

during the day, particularly VPD and I, obscured stomatal

responses to individual factors, which also caused diurnal

hysteresis in the relationship between crown conductance and

individual factors. Normalization of stomatal and crown

conductance by I removed the hysteresis and revealed a

142



strong stomatal response to humidity. Normalized crown

conductance declined sharply in response to increasing wind

speed, but this appeared to be the result of stomatal

response to reduced humidity at the leaf surface rather than

a direct effect of wind on stomata. At the crown scale, a

linear increase in transpiration (E) with net radiation (RN>

seemed to indicate a passive role of stomata in regulating

transpiration. However, our results suggested that stomata

played an active role in maintaining a constant

proportionality between E and RH•

INTRODUCTION

contrasting interpretations regarding the relative

contribution of stomatal and environmental (i.e., net

radiation) factors in regulating transpiration from non

water stressed vegetation have been obtained through

different methodologies used at different scales of

observation (see Jarvis & McNaughton, 1986, for a review).

Recent efforts to reconcile these apparently contradicting

conclusions have shown that a major constraint on scaling up

from observations of stomatal behavior in single leaves to

predictions of transpiration from whole plants and canopies

is the decoupling influence of the unstirred air boundary

layers surrounding each leaf and the entire canopy (Jarvis &

McNaughton, 1986; Meinzer & Grantz, 1989). Vapor pressure
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decreases from the leaf surface, through these boundary

layers, into the bulk air mass above the canopy (Grantz &

Meinzer, 1989). Any measure of vapor pr~ssure except that

at the leaf surface inevitably overestimates the vapor

pressure gradient across the stomatal pore and therefore the

degree to which stomata control transpiration. Observations

of an apparent lack of stomatal response to humidity under

field conditions (Idso, 1987; Idso et al., 1988) have been

re-interpreted in light of the influence of the variable

diffusive conductance of the boundary layer (Grantz &

Meinzer, 1990; Monteith, 1990) which obscures the magnitude

of stomatal responses to humidity.

An important step towards quantifying the influence of

leaf and canopy boundary layers has been the development of

the stomatal decoupling coefficient model (Jarvis &

McNaughton, 1986; Martin, 1989; McNaughton & Jarvis, 1991),

in which it is recognized that the role of stomata in

controlling canopy transpiration depends largely on the

relative magnitudes of stomatal and boundary layer

conductances. The partitioning of control between net

radiation and stomata is expressed as a dimensionless

decoupling coefficient (n) ranging from zero to 1.0. This

model represents a significant advance in the interpretation

of stomatal behavior of plants growing in the field because

it provides a means of predicting the influence of stomatal

movements in individual leaves on transpiration at the whole
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plant, stand, and larger spatial scales. P.egardless of the

extent to which stomatal movements control transpiration,

considerable research has documented that stomata sense and

respond to the aerial (Schulze, 1986; Schulze & Hall, 1982)

and soil environment (Davies & Zhang, 1991). However,

covariance of environmental factors in the field (Grantz &

Meinzer, 1990, 1991) and lack of understanding of the direct

and indirect effects of environmental stimuli such as

humidity (Aphalo & Jarvis, 1991; Mott & Parkhurst, 1991) and

wind (Van Gardingen & Grace, 1991) on stomatal function have

hampered a better appraisal of the ecological role of

stomata in regulating water flux from entire plant canopies.

Better understanding of the role of stomata in controlling

transpiration and of the ecological significance of

different patterns of stomatal behavior requires concurrent

measurements across different scales from single leaves to

entire canopies.

In this chapter, the results of measurements carried

out at different scales of observation in coffee hedgerows

under a wide range of canopy development are presented.

Concurrent measurements of stomatal conductance in single

leaves, whole-plant transpiration, and environmental

variables allowed to: (1) evaluate n over a wide range of

conditions; (2) examine the role of individual environmental

variables in the control of stomatal conductance and

transpiration under field conditions by accounting for the
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influence of covariance of environmental variables on

stomatal behavior; and (3) assess the influence of the

location of the reference point for determination of

external vapor pressure on the interpretation of responses

of stomatal conductance and transpiration to evaporative

demand.

MATERIALS AND METHODS

•

Experimental Site and Plant Material.

Measurements were carried out in commercial coffee

(Coffea arabica L.) fields at McBryde Sugar Co., Eleele,

island of Kauai (lat. 21°54", long. 154°33", alt. 98 m),

from July to November in 1991 and from JUly to September in

1992. The site receives an average of 850 mm of rain

annually. A pronounced dry season spans from April to

September in which monthly rainfall fluctuates between 30

and 60 mm (Giambelluca et al., 1986).

Large fields of the coffee cultivar Yellow catuai, a

short and compact variety that forms dense hedgerows when

cultivated at high density, were selected. spacing at

planting was 3.6 m between rows and 0.7 m between plants.

Each plant consisted of four to five vertical stems, one of

which usually became dominant and occupied the upper plant

canopy. Crop age ranged from 1 to 5.3 years in the seven
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fields selected. Measurements were made in fields with leaf

area index (LAI) of 1.4, 5.3, 5.4, and 6.7 in 1991 and

LAI=0.7, 3.4, and 4.2 in 1992." Average leaf area per plant

increased from 1.68 m2 at LAI=0.7 to 15.57 m2 at L~J=6.7.

Hedgerow dimensions increased from approximately 0.75 x 1 m

at LAI=O.7, to 3 x 2.5 m at LAI=6.7. At low LAI (0.7 and

1.4) the plants did not form a dense, complete hedgerow and

the canopy did not completely shade the bases of the sterns.

At high LAI (6.7), dense hedgerows had developed and the

canopy shaded the ground during most of the day.

Irrigation water was applied weekly to each field

through drip irrigation lines placed along the bases of the

stems in the plant hedgerows. Approximately 17 to 20 rom of

water were applied to each field during the 36-48 hours

immediately before each set of measurements. This ensured

that water availability was adequate during the measurement

period.

Transpiration and stomatal Conductance Measurements.

Transpiration (E) was measured as mass flow of sap

through the stems using the heat balance technique (Vieweg &

Ziegler, 1960; Cermak et al., 1973; Sakuratani, 1981; Baker

& van Bavel, 1987). Its satisfactory performance in coffee

was verified by greenhouse and field experiments (Gutierrez

et al., unpublished data). Commercially available stern sap
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flow gauges (model SGB13 to SGB25, Dynamax Inc., Houston,

TX) were used for all measurements and installed at the base

of dominant branches containing from 1.5 to 5.5 m2 of leaf

area distal to the gauge.

The gauges were operated under the control of a

datalogger (CR21X, Campbell Scientific, Logan, UT) equipped

with a 32-channel multiplexer (AM146, Campbell Sci.) that

permitted up to eight sap flow gauges to be operated

simultaneously. Data were collected at IS-sec intervals,

and 20-min averages were stored in a solid state storage

module (SM192, Campbell Sci.). The average mass flow of

water through the coffee stems was normalized by dividing by

the leaf area distal to the gauge to obtain E.

Stomatal conductance (gs) of fully expanded sun and

shade leaves from the upper and middle canopy was measured

with a portable gas exchange system (Li-6200, Licor,

Lincoln, NE). The youngest fUlly ~xpanded leaves of

branches in the upper and middle canopy layers were

considered sun leaves, and leaves along the basal third of

the same branches were considered shade leaves. Mean I

during the midday hours (1100 to 1300 h) measured near the

leaf surface with a quantum sensor attached to the gas

exchange cuvette was generally between 900 to 1200 ~mol m-2

s-l for sun leaves and between 250 to 450 ~mol m-2 s-l for

shade leaves.
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Daily courses (0700 to 1700 h) of gs were measured

during one to three days in each field. One leaf in each of

the four leaf position classes was marked on the north- and

south-facing side of five plants for a total of 40 leaves

(eight leaves per plant). Averages of 20 gs measurements

were used for sUbsequent calculations of the decoupling

coefficient and of the boundary layer conductance (see

below) .

Micrometeorological Measurements.

Environmental conditions during the measurement periods

were monitored from a movable 7-m instrument tower erected

within each field. Net radiation (RN ) was measured with a

Fritschen net radiometer (model Q6, Radiation Energy Balance

Systems, Seattle, WA). Photosynthetically active photon

flux density was measured with a quantum sensor (Li-190SB,

LiCor, Lincoln, NE). Wind speed was measured with a cup

anemometer (model 03101-5 R.M. Young, Campbell Sci.) mounted

7 m above the ground. Vapor pressure of the bulk air was

measured by pumping air samples obtained 6.5 m above the

ground through a dew point hygrometer (Dew-IO, General

Eastern corporation, watertown, MA inside a Campbell Sci.,

Inc. model 023 Bowen ratio system enclosure). Air

temperature was measured with two Cu-chromel thermocouples

mounted at the same height. Leaf temperature was measured
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with a set of 18 fine wire eu-constantan thermocouples

attached to the abaxial leaf surface and distributed

throughout the canopy. The vapor pressure difference

between the leaf interior and the bulk air (VPDa ) was

calculated using saturation vapor pressure at leaf

temperature and the ambient vapor pressure. erown

conductance (gc i mol m-2 S-l) was calculated as

(1)

where P is atmospheric pressure. Values of gc were

expressed on a unit leaf area basis. Boundary layer

conductance (gbl) was calculated from gs ans gc as

(2)

stomatal Control of Transpiration.

The dimensionless decoupling coefficient n was

calculated according to the model proposed by Jarvis and

MacNaughton (1986, 1991) for hypostomatous leaves with the

modification introduced by Martin (1989):

n = 2 + ~ + grisJ..bl-----

2 + ~ + gbl/gs + s-r«, + gr/gbl
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where ~ is the ratio of increase of latent heat content to

increase in sensible heat content of saturated air and gr =

4€OTa
3/pCp is a long-wave radiative transfer conductance of

the canopy where € is emissivity (0.97), 0 is the Stefan

Boltzmann constant, Ta is air temperature (OK), p is air

density, and Cp is the specific heat of air. The leaf

surface was used as an additional reference point for

characterizing stomatal responses to ambient humidity. The

leaf-to-air vapor pressure difference imposed at the leaf

surface (VPDs ) was estimated as

(4 )

Additional Measurements.

Leaf area index (LAI) was determined by completely

defoliating 8 to 10 representative plants in each field and

measuring their total leaf area in an area meter (Li-Cor

3100, Lincoln, NE). Average leaf area per plant was then

mUltiplied by the plant density to obtain LAI for each

field.

RESULTS

Typical courses of environmental and plant variables

during a sunny day are shown in Fig. 1. I and VPDa , which
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have offsetting effects on stomatal conductance, exhibited

similar courses as that of RN during much of the day.

During the afternoon hours, however, VPDa remained high

despite decreasing RN • This seemed to be associated with

higher air (Ta ) and leaf (T1 ) temperatures during the

afternoon hours. Leaf temperature was seldom greater than

30°C. Wind speed increased during the early morning hours,

remained relatively constant during most of the day, and

then decreased in late afternoon. Average E values ranged

between 0.8 and 0.9 mmol m-2 s-1 and were nearly constant

over the entire range of canopy development observed. E and

gc were typically higher during the morning hours and then

steadily declined after midday (Fig. 1). This tendency was

especially evident in the behavior of gc' which attained

maximum values early during the day and then steadily

declined during the rest of the day. stomatal conductance

usually reached maximum values prior to 1200 h, followed by

a steady decline throughout the day (Fig. 2). Typical

values of gs were between 0.10 to 0.15 mol m-2s-1 with

maximum values near 0.20 mol m-2s-1.

There was no clear trend in average gs' gc' gbl' and n

at different stages of canopy development (Table 1).

However, maximum values of gs (gs max) initially increased

then sharply decreased with increasing LAI (Fig. 3). Values

of n calculated at gs max did not exhibit corresponding

behavior (data not shown). Average values of n at different
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stages of canopy development ranged approximately between

0.7 and 0.8 (Table 1). Consistent with theory, the

decoupling coefficient increased curvilinearly with

increasing gs' asymptotically approaching its maximum

possible value of 1 at the highest levels of gs observed

(Fig. 4). Higher gs during the morning hours (Fig. 2) was

reflected in higher n in the morning and a trend ofincreased

canopy coupling after midday hours (data not shown).

A clear response of gs to variations in VPDa ,

determined as the difference between saturation vapor

pressure at T1 and vapor pressure of the bulk air, was not

observed (Fig. SA). However, when the leaf surface was used

as a reference point to calculate Vs (Eq. 4), gs decreased

with increasing evaporative demand (Fig. 5D). Covariance of

VPDa and I partially obscured the responsiveness of stomata

to VPD. When gs was normalized by the stomatal-opening

stimulus, I, a clear curvilinear decline in gs with both

increasing VPDa and VPDs was oberved (Fig. 5B & SE,

respectively). No clear relationship was observed between n

and VPDa (Fig. 5C) in contrast to the strong negative

relationship observed between nand VPDs (Fig. 5F).

When E was plotted as a function of VPDs ' it was found

that after increasing initially with Vs, E approached a

maximum value beyond which it decreased with increasing VPDs

(Fig. 6). Maximum values of E were higher in 1992 than in

1991, but the critical values of VPDs at which E began to
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decrease were similar for the two years (ca. 1.0 to 1.1

kPa). This pronounced limitation of E with increasing VPDs

presumably resulted from progressive stomatal closure with

increasing VPDs (Fig~ 5D & 5E). Pronounced hysteresis was

observed in the response of E and gc to VPDa during the

course of a typical sunny day (Fig. 7A & 7B). Increasing E

and gc with increasing VPDa was typically observed during

the morning hours (Fig. 1), but then E and gc markedly

declined after ca. 1200 h., when VPDa attained maximum

values of 1.5 to 2.0 kPa which were sustained during most of

the afternoon. This steady decline in E and gc at a

relatively constant VPDa became evident in the circular

pattern observed when E and gc were plotted against Va over

the course of a single day (Fig. 7A & 7B). Normalization of

gc by the stomatal-opening stimulus I (Fig. 7C), revealed a

curvilinear, non-hysteretic decline in gc with increasing

VPDa typical of the response of gs to increasing evaporative

demand (Fig. 5B & 5E).

Hysteretic behavior was also observed in the

relationship between gc and wind speed during the course of

a day (data not shown). Normalization of gc by I eliminated

the hysteresis and yielded a curvilinear decline in gc/I

with increasing wind speed (Fig. 8) that resembled the

relationship of gs/I and gc/I to VPD (Fig. 5E & 7C).

Hysteretic behavior was also observed when T 1 and gc were

plotted as a function of RN (Fig. 9A & 9B).
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At a given value of R N, T 1 was higher during the

afternoon than during the morning (Fig. 1 & 9A), whereas gc

was lower in the afternoon than in the morning (Fig. 1 and

9B). In contrast, E was linearly related to RN during the

day (Fig. 9C).

DISCUSSION

Values of gs of coffee hedgerows measured in this study

and the behavior of gs during the course of the day, are

consistent with previous observations (Raju & Vasuveda,

1984; Fanjul et al., 1985) and support the idea that coffee

exhibits physiological features typical of a shade plant

(Maestri & Santos-Barros, 1977), such as low rates of

photosynthesis under full sunlight and high sensitivity of

photosynthesis to temperature. The rapid decline in gs

during the morning hours resulted in a morning peak in gc.

This behavior has been attributed to high sensitivity of

coffee stomata to environmental factors, particularly air

humidity (Fanjul et al., 1985).

No consistent trend was observed in gs' gc' or gbl

during canopy development. Differences in these variables

among fields with different LAI were presumably the result

of variations in environmental conditions prevailing during

the measurement periods rather than in intrinsic canopy

properties. This is consistent with the relative stability
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of n at different LAI (Taole 1). Nevertheless, maximum gs

initially increased then decreased with increasing LAI above

approximately 3 (Fig. 3). variation in gs during ontogeny

has been reported in a variety of species (Schulze & Hall,

1982; Meinzer & Grantz, 1990; Donovan & Ehleringer, 1992).

The physiological mechanisms responsible for this adjustment

remains unclear although it may involve root to shoot

communication (Meinzer et ai., 1991).

Typical values of gs of 0.10 mol m-2 s-l were

associated with high values of n in the range of 0.7 to 0.8,

suggesting that during most of the day transpiration was

unresponsive to small changes in gs' High ratios of gs to

gbl (Table 1) sUbstantially uncoupled coffee canopies from

the bulk atmosphere during most of the day. The aerodynamic

roughness of hedgerow configuration may have promoted

decoupling since values of n estimated for other types of

orchards usually ranged between 0.1 and 0.3 (Jarvis, 1985).

The results are consistent with one of the predictions

of the Penman-Monteith equation that an increase in wind

speed may result in a decrease in E (Monteith, 1964; Dixon

and Grace, 1984). n varied diurnally from about 0.8 in the

morning hours to 0.4 in late afternoon. Both active and

passive components have been proposed to contribute to this

variation in n (Meinzer et ai., 1993). Active variation in

n would arise from stomatal adjustments to changes in

evaporative demand (Fig. 5B & 5E). Passive variation in n
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would arise from fluctuations in wind speed (Fig. 1) that

would cause changes in gbl. This is consistent with the

observed response of gc (normalized by I) to wind speed

(Fig. 8), that resembled gclI responses to VPDa (Fig. 7C),

and is supported by previous results of an indirect effect

of wind speed on gs (and therefore gc) through changes in

gbl' altering VPD imposed at the leaf surface (Bunce, 1985;

Van Gardingen & Grace, 1990).

The response of E to increasing VPDs (Fig. 6) was

consistent with a role for a strong stomatal response to

humidity, limiting the increase in E with increasing

evaporative demand. However, stomatal responses to VPD were

obscured by the covariance of VPD and I in the field and

became most apparent when gs was normalized by I (Fig. 5B &

5E). The similarity of the relationship between gs/I and

VPDa and that between gslI and VPDs suggests that gbl was

relatively stable and indicates that accountig for

covariance of I and VPD was more important than the location

of the reference point for determination of external vapor

pressure in detecting a stomatal response to humidity.

Nevertheless, the location of the external vapor pressure

reference point had a marked influence on the value of VPD

at which a given value of gs was observed. These results

contrast with those reported for the tropical tree

Anacardium excelsum in which selection of the leaf surface

for determination of the external vapor pressure revealed a
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pronounced stomatal response to humidity without normalizing

by incident radiation (Meinzer et al., 1993). The parabolic

relationship between E and VPDs is characteristic of what

has been termed a "feedforward" stomatal response to

humidity (Farquhar, 1978). The decline in E above a

critical value of VPDs suggests that the stomata sensed a

component of E that was unaffected by changes in stomatal

aperture, i.e., cuticular transpiration.

Apparent hysteretic responses in coffee were in some

cases artifacts resulting from the covariance of

environmental factors in the field. For example, hysteresis

in the relationship between gc and VPDa (Fig. 7B).
disappeared when gc was normalized by the stomata-opening

stimulus I, yielding a continuous decline in gc with

increasing VPDa (Fig. 7C). Similarly, pronounced hysteresis

in the relationship between gc and wind speed was removed

when gc was normalized by I (Fig. 8). In the absence of

changes in gs' increased gbl at higher wind speeds would be

expected to result in a positive correlation between gc and

wind speed. However, the sharp curvilinear decline in gc/I

with increasing wind speed (Fig. 8) does not necessarily

suggest a direct stomatal closing response to increasing

wind speed. It is probable that the observed relationship

between gc/I and wind speed reflects a strong stomatal

response to humidity (Fig. 5E) mediated by diurnal

covariance between wind speed and VPDa (Fig. 1) and by a
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positive correlation between wind speed and VPDs based on

variation in gbl-

Hysteresis in the responses of photosynthesis and

canopy conductance to I (Beadle et al., 1985), and in the

response of VL and gs to I and VPD (Jarvis, 1976; Ng &

Jarvis, 1980) is a well documented phenomenon. However, the

underlying physiological mechanism remains unknown. Lange

et al. (1987) reported a continuous decline in gs without

any change in vL or E. This is inconsistent with regulation

of gs by variations in VL caused by transpirational water

loss. Instead, the authors reported a close relationship

between E and soil water content. other workers have

observed stronger hysteretic behavior under drought

conditions (Torrecillas et al., 1988) pointing towards an

"endogenous component" (Lange et al., 1987) in the control

of hysteretic behavior. This indirect.evidence points to

the possible involvement of root signals in the control of

hysteretic behavior.

The results show that the scale of observation had a

pronounced influence on the role ascribed to stomata in

controlling E in coffee hedgerows. At the crown and canopy

scales, the linear dependence of E on RN (Fig_ ge) is

consistent with numerous reports in the meteorological

literature that evapotranspiration from well-watered

vegetation can be adequately predicted without any

consideration of stomatal properties (Penman, 1948; Priestly
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& Taylor, 1972). High values of n (0.7 to 0.8) also point

to a passive role for stomata. Nevertheless, observations

at the single leaf scale revealed that stomata were

responsible for pronounced diurnal hysteresis in the

behavior of gc and E. Our results further suggest that the

combined stomatal response to covarying environmental

variables played an active role in maintaining constant

proportionality between E and Rn • Indeed, the diurnal

relationship between E and RN was one of the few that did

not exhibit hysteresis. This behavior apparently

contributed to the stability of leaf temperature over a

large range of RN (400 to 800 W m-2 ) , particularly during

the afternoon (Fig. 9). A linear dependence of E on RN may

thus be a manifestation of a homeostatic mechanism for

restricting canopy temperature to a range favorable for

physiological activity.
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Table 6.1. Average (±SE) daytime (1000 to 1400 h) 98, so, 9bl, and n
of coffee canopIes at dlfferent stages of development (LA/)

LAI Age
(years)

Year -!)..£ Q.~
(mol m.2~s-:.1-)--- COQ1_

n

0.7 1.0 1992 0.128±0.016 0.051±O.OO8 0.O89±O.O24 O.8±O.O3

1.4 1.5 1991 O.O92±O.OO7 O.O29±O.OO2 O.O45±O.OO7 O.8±O.O2

f-'
3.4 2.0 1992 O.154±O.O37 O.O40±O.OO4 O.O55±O.OO9 O.8±O.O40\

U1

4.2 3.1 1992 O.150±O.O32 O.O82±O.006 0.201 ±0.042 0.7±O.Oe

5.3 3.0 1991 O.116±O.O60 O.O53±O.OO4 0.O94±O.017 0.7±O.O2

5.4 2.4 1991 O.136±O.O29 O.O92±O.O15 O.250±0.137 O.7±O.14

6.7 4.3 1991 O.065±O.O27 O.O41±O.O20 O.O39±O.OO3 0.7±O.O1
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CHAPTER 7

INTEGRATION:

WATER USE AND GAS EXCFANGE OF COFFEE

DURING CANOPY DEVELOPMENT

The results presented in the previous chapters support

the idea that coffee exhibits features typical of a shade

plant, such as low photosynthetic rates, saturation of

photosynthesis at low light intensities, and high stomatal

sensitivity to temperature and air humidity. The results

also provide basic and practical information on

transpiration and water use, and their regulation by

physiological and environmental factors under field

conditions.

Examination of patterns of water use in coffee

indicated that transpiration rate, expressed on an unit leaf

area basis, remained relatively constant during canopy

development. Evapotranspiration of entire fields, however,

was lower at early stages of canopy development (leaf area

index, LAI=2.4) than at higher LAI, which was reflected in

lower crop to reference evapotranspiration ratios (ETc/ETo>,

or crop coefficient, at low values of LAI. Seasonal

differences in water use were also evident, and were

apparently related to differences in stomatal behavior

associated with the different phenological phases

experienced by the plants during a growing cycle.
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Latent heat flux was the most important component of

the energy balance at almost all stages of canopy

development, with the exception of LAI=2.4, where soil heat

flux consumed a large fraction of the available energy. The

dominance of canopy latent heat flux in the energy budget

became stronger as the plant canopy increasingly covered the

soil surface. The increase in LAI was associated with an

increasing agreement between hedgerow and total latent heat

flux per land area as the canopy developed.

Carbon isotope discrimination (~), an integrated

measure of intrinsic water use efficiency (WUE), was highly

correlated with gas exchange characteristics of sun leaves,

particularly the ratio of assimilation to stomatal

conductance (A/gs ) ' a short-term index of intrinsic WUE. In

upper sun leaves, ~ decreased with increasing LAI,

suggesting that intrinsic WUE increased during canopy

development. However, mean canopy ~ derived from four leaf

categories suggested that intrinsic WUE of the whole canopy

remained constant during canopy develo~ment. ~ was also

negatively correlated with photosynthetic nitrogen use

efficiency (PNUE), a phenomenon previously reported for

several species, indicating a physiological compromise

between WUE and PNUE linked by stomatal behavior.

In apparent contrast to the patterns of intrinsic WUE

described above, independent measurements of WUE as the

ratio of Assimilation to transpiration (A/E) suggested that
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actual WUE may have decreased with canopy development.

These apparently conflicting findings are difficult to

reconcile. However, d represents a cumulative index of

potential performance during extended periods of carbon

accumulation. Thus, scaling from instantaneous measurements

of WUE performed over a short time interval (A/E), may not

reflect th~ behavior of the canopy over a whole phenological

cycle. Seasonal differences in stomatal behavior and rates

of water use, for example, were apparent during the

measurement periods in 1991. The importance of

physiological indexes such as A as screening tools should

encourage long-term work on comparisons of independent

measurements of WUE and A.

Also of great interest were the changes in isotopic

composition of mature leaves presumably associated by leaf

acclimation to the shade. These findings challenge the

accuracy of current sampling techniques and some of the

assumptions underlying the use of A as an index of WUE.

Detailed experiments on morphological and biochemical

changes during leaf acclimation to the shade are necessary

to clarify the possible mechanisms responsible for these

changes in isotopic composition in mature leaves.

At the whole crown level, coffee canopies planted in a

hedgerow configuration exhibited a high degree of decoupling

with respect to stomatal control of transpiration. This was

associated with a tight correspondence between transpiration
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and net radiation, a pattern thoroughly documented in the

meteorological literature. The wide use of models based on

environmental parameters to predict evapotranspiration is an

example of the generality of this relationship. However, at

the physiological scale of observation, it became apparent

that stomata were strongly responding to light, humidity,

and the indirect effects of wind, and that the

correspondence between transpiration and net radiation was a

consequence of the sensitivity and the coordinated responses

of stomata to several, covarying environmental factors, such

as leaf-to-air vapor pressure difference (VPD) and

photosynthetically-active radiation (I). The most

remarkable consequence of this homeostatic mechanism was the

relative stability of canopy temperature over a wide range

of net radiation, and within a range f~vorable for

physiological activity.

The complexity of factors involved in controlling water

use at the field level became apparent from energy balance

estimates and measurements of fluxes at different scales of

observation. Phenomena such as regional and within-row

advection, although difficult to account for, probably

played, along with phenological and developmental changes of

the plant canopies, a role in driving and regulating water

fluxes. This became apparent in the close correspondence

observed between diurnal courses of evapotranspiration and

soil temperature at early stages of canopy development.
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THE ROLE OF SENSIBLE HEAT ADVECTION

Advection is the transport of energy and mass in the

horizontal plane in the downwind direction (Rosenberg et

al., 1983). Advection of sensible heat from one field to

another may drive additional evapotranspiration, causing

latent heat flux to exceed the available net radiation and

leaf temperature to exceed air temperature. The occurrence

of advection violates one of the assumptions of the Bowen

ratio technique, namely, that transport of mass and energy

is one dimensional and horizontal gradients do not exist.

Two kinds of advection occur under field conditions, which

are difficult to account for with energy balance

measurements from the Bowen ratio technique:

wit;hin-Row Advection.

Heat generated at a dry soil surface can be consumed

through increased transpiration by the plants adjacent to

the dry soil (Hanks et al., 1971). The occurrence of

within-row advection has been reported in a variety of

species sUbjected to different agronomic practices and

irrigation regimes (Brown and Covey, 1966; Ham et al., 1991;

Villalobos and Fereres, 1990).

Ham et al. (1991) were able to study in detail the

occurrence and magnitude of within-row advection in a flood-
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irrigated cotton field during canopy development. They used

the Bowen ratio technique to estimate energy balance and

canopy latent heat flux, with the following modification: a

set of net radiometers was positioned above the cotton rows,

and a second set was mounted above the soil surface between

the plant rows. This allowed the independent

characterization of the energy balance of the plant rows and

the inter-row spaces. Crop latent heat flux (AEc) (measured

with the stem heat balance technique) in excess of RN

received by the rows plus H (sensible heat), was interpreted

as occurrence of within-row advection•. Their results

indicated that Bowen ratio radiation balance measurements

may not account for the magnitude and diurnal patterns of

AEc and AEs (soil latent heat flux, measured with

microlysimeters), and that within-row advection was

particularly important under conditions of dry soil and

sparse canopy cover.

Simple modifications of the Bowen ratio technique

according to the procedure described by Ham et al. (1991)

are recommended for future field work on crops planted in a

hedgerow configuration. Modifications of this nature allow

a better characterization of the occurrence and magnitude of

within-row advection.
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Regional Advection.

Evidence for the occurrence of regional advection has

been inferred from values of AE in excess of RN + G (soil

heat flux) (Rosenberg et al., 1983), or by the inversion of

the temperature gradients measured with the Bowen ratio

technique (Brakke et al., 1978; Hanks et al., 1971).

Regional advection has been associated with errors in

estimates of AE and photosynthesis of plant canopies

(Anderson and Verma, 1986) and its occurrence appears to be

more important under dry conditions and high wind speed

(Brakke et al., 1978; Hanks et al., 1971).

When assessing evapotranspiration in the presence of

regional advection, the usual requirements of the Bowen

ratio method; measurements of net radiation, soil heat flux,

and vertical gradients of temperature and humidity, may need

to be augmented by measurements or estimates of windspeed

and horizontal gradients of temperature and humidity.

Lang (1973) and later Brakke et ale (1978) used a

modification of the Bowen ratio-Energy balance technique to

account for the effect of regional advection. Measurement

of horizontal gradients of vapor pressure, air temperature

and wind speed over a range of heights allowed the

quantification of regional advection through a two

dimensional energy balance. Calculation of XE is then

possible even in the presence of pronounced advection. Lang
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(1973) also proposed a theoretical method and

recommendations for measurement of those gradients at a

single height.

Measurement of horizontal gradients may prove difficult

because the gradients are small in magnitude and they almost

always will be small relative to vertical gradients (Lang,

1973) .

The use of eddy correlation instrumentation, that

measures fluxes in a two or three dimensional way,

represents another possibility to detect and measure local

advection in the field. Furthermore, the eddy correlation

technique is independent of surface conditions and does not

rely on any assumptions concerning eddy diffusivities.

However, its main drawback is the cost, complexity and

fragility of the fast response sensors.

Implementation of similar instrument set-up to that

described by Lang (1973) and Brakke et ale (1978) is

recommended for future work involving energy balance

measurements, particularly in dry environments.

ERRORS ASSOCIATED WITH ENERGY BALANCE MEASUREMENTS

Since the introduction of the Bowen ratio-Energy

balance technique to measure evapotranspiration from crops

(Tanner, 1960), several works on detailed error analysis

(Fuchs and Tanner, 1970; Sinclair et al., 1975; Angus and
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Watts, 1984), minimum sensor elevation (Graser et al., 1985)

and fetch requirements (Heilman et al., 1989; Rosenberg et

al., 1983) of the technique have been pUblished. A

representative opinion is that AE can be estimated to within

10% (Sinclair et al., 1975).

In a recent comparison (Dugas et al., 1991), values of

AE obtained with a Bowen ratio system similar in design to

that used in the present study were within 10% of those

obtained with three other systems of different designs. In

the same study, it was concluded that AE was consistently

underestimated with the eddy correlation technique.

Possible sources of error associated with Bowen ratio

measurements of energy balance are discussed below.

Height; of the Inst;rument;s.

A roughness sublayer has been identified over forest

canopies (Raupach, 1979) and row crops (Graser et al.,

1985), over which horizontal inhomogeneity and convective

mixing have been measured. In this sublayer, one

dimensional micrometeorological approaches may fail because

the transfer processes are influenced by the three

dimensional effects of the individual surface elements

(Graser et al., 1985). Therefore, one-dimensional

measurements should be made above this sUblayer.

Increasing the height of the sensors for the
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measurement of temperature and vapor pressure gradients

would take care of this problem. However, caution must be

taken since the magnitude of these gradients decreases with

height. Data from Garrat (1978) indicate that the minimum

elevation for measurements is three to five times the height

of the roughness elements.

The main requirement of the Bowen ratio method is that

temperature and humidity gradients be measured within the

internal boundary layer and preferably in the portion of the

boundary layer that is in equilibrium with the surface. As

air moves downwind after a change in surface roughness, it

adjusts to the new surface conditions and forms an internal

boundary layer whose thickness increases with the fetch

(Heilman et al., 1989). The influence of local advection

also seems to decrease as the distance from the leading edge

increases (Brakke et al., 1978). Crop height to fetch

ratios as low as 20:1 (Heilman et al., 1989) and as high as

200:1 (Dyer, 1965, cited by Heilman et al., 1989) have been

proposed. A ratio of 100:1 is considered adequate for most

measurements (Rosenberg et al., 1983). In the present

study, Rosenberg's recommendation was adopted for the

selection of fields whose size ranged between 37 and 75 ha.
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Sensor Bias.

Proper allocation of the available energy to AE and H

requires precise measurement of the gradients of air

temperature and vapor pressure. Evaluation of these

gradients requires resolution of thousandths of a degree.

To ensure· nonbiased results due to variation in sensor

calibration, it has been suggested that the thermocouples be

interchanged frequently. An automatic exchange system, for

example, has been proposed by Gay and Fritschen (1979). In

the Bowen ratio system design used in the present study,

bias in the temperature measurement becomes potentially

important because the thermocouples are at fixed positions.

However, the bias in vapor pressure measurements should be

small because air samples from both heights are passed

through the same dew point hygrometer.

Homogeneity of the Surface.

Most agricultural surfaces can be considered

homogeneous. However, variations in soil water content may

cause some spots to be primary sources of heat and others to

be vapor sources and momentum sinks (Cooper et al., 1992).

This may result in separation of heat and water transport in

the eddies, and preferential transport of the hotter and

drier air. The above situation would represent violation of
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one of the assumptions of the Bowen ratio technique, i.e.,

that the surface is homogeneous. Under nonhomogeneous

conditions, the diffusivity coefficients for heat and water

vapor are not equal.

Uniform irrigation and continuous monitoring of soil

water content is recommended. Nonhomogeneous surfaces may

require spatial sampling. One way to achieve this is by

systematically positioning sensors in areas drier than the

average.

ERRORS ASSOCIATED WITH FIELD TECHNIQUES

Bowen Ratio-Energy Balance.

When working within a few meters from the surface, the

water vapor and heat flux densities, AE and H, may be

expressed as:

( 1)

(2)

where q is water vapor density, p is air density, c p is

specific heat of air, T is temperature, z is vertical

height, and Kv and Kh are the eddy diffusivities for water

vapor and heat, respectively. Applying the Universal Gas

Law to Eq. 1 and using the latent heat for vaporization of
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water, A (2.442 MJ kg-1 at 25°C), latent heat flux density

(AE) is obtained in terms of vapor pressure (e):

(3)

where €r is the ratio of molecular weight of water to

molecular weight of air and P is atmospheric pressure. In

general, Kv and Kh are not known, but they can be assumed to

be equal and the ratio of H to AE can be used to partition

available energy at the surface into sensible and latent

heat flux. The Bowen ratio (P) (Bowen, 1926) is obtained

from Eq. 2 and 3:

P = (P cp aT) / (A €r ae) = ~*(aT/ae) (4)

where ~ (PCp/A€r) is the psychrometric constant. The

surface energy balance is given by:

RN - G - H - AE = 0 (5)

where RN is net radiation and G is soil heat flux.

Substituting AE*P for H in Eq. 10 yields:

AE (RN - G) / ( 1 + P)
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Eq. 4 shows that the sensitivity of P to measurement

errors is directly related to the measured gradients of

temperature and humidity. For example, 1% error in

temperature or humidity gradient results in a 1% error in p.

Table 7.1. Errors associated with Bowen ratio measurements

Variable

RN
G
aT
ae
OVERALL

% Error

5
5
<1
<0.5
10

Reference

R.E.B.s. a

R.E.B.S.
Campbell Scientificb

Campbell Scientific
Dugas et al., 1991

a Radiation Energy Balance Systems, Seattle, WA.

b Campbell Scientific Inc., Logan, UT.

Calculations indicate that 25 ~m diameter thermocouples

experience less than 0.2 °c and 0.1 °c heating at wind

speeds of 0~1 and 1 m s-l, respectively, under 1000 W m-2

radiation. Error in the gradient measurement is due only to

the difference in radiative heating of the two junctions and

their physical symmetry minimizes this.

stem Heat Balance Technique.

Chapter 2 presents an evaluation of performance of the

SHB technique under greenhouse and field conditions. The SHE

technique measures the heat balance of a stern segment to
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which a known constant amount of heat is applied.

Partitioning of heat loss between vertical and radial

components is measured through sets of thermocouples. Heat

removed by convection in the raising sap is calculated as a

residual. Mass flow of water in the stern is estimated as:

F = (Q - Qv - Qr ) / c (AT) (7)

where F is heat removed by convection, Q is total heat

applied to the stern segment, Qv is vertical conductive heat

loss, Qr is radial conductive heat loss, c is the specific

heat of water (4.190 MJ m-3 °C-1) , and AT is the difference

between stern temperature measured above and below the

heater. Heat storage in the stern becomes an important

component of the heat balance only at very low flows (1 to 4

g/h). Recommendations to address this issue are given hy

Van Bavel and McInnes (1991) as part of a symposium on sap

flow measurements that summarizes recent research done using

the stern Heat Balance technique.

Vertical heat loss (Qv ) is calculated as:

Qv = Kst * A (BH - AH) / aX * 0.04 mV °c-1

where Kst is wood specific thermal conductivity (0.42

(8)

W -1 -1)m s , A is stern area (cm2 ) , BH-AH is the vertical

temperature differencial, X is a fixed distance separating
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upper and lower thermocouples, and the factor 0.04 mV °C-1

converts the thermopile differential signals to °C. Radial

heat loss (Qr) is calculated as:

Qr = Q - Qv = Ksh - CH (9)

where Ksh is the sheath thermal conductance constant for a

particular gauge installation. Its value is meaningful only

under conditions of zero flow when Qf is negligible (before

dawn) (Baker and Nieber, 1989), and CH is the thermopile

output (radial heat conduction). The temperature increase

of the sap, ~T, is measured as:

~T = ((AR + BH)/2) / 0.04 mV °C-1

Table 7.2. Errors associated with stern Heat Balance

(10)

Technique measurements

variable

Q
Qv
Qr
~T

Kst
Ksh
OVERALL

% Error

0.01
10%
10%
10%
Negligible
Variable
10%

Reference

Baker and Van Bavel, 1987
Baker and Nieber, 1989
Baker and Nieber, 1989
Gutierrez et al., 1993
steinberg et al., 1990
Baker and Nieber, 1989
steinberg et al., 1990
Baker and Nieber, 1989
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The value of 0.42 W m-1 °C-1 for wood thermal

conductivity has minor influence on the calculated sap flow

rates (Steinberg et al., 1990; Shackel et al., 1992).

Errors associated with the estimation of Ksh are larger in

monocot than in dicot plants, and have an insignificant

effect on estimation of sap flow at flow rates > 50 g h-1

(Baker and Nieber, 1989).

Leaf Gas Exchange Measuremen'ts.

A general review of instruments and procedures for gas

exchange measurements is provided by Pearcy et al. (1989).

Detailed error analysis is provided by McDermitt (1979). In

automated, null-balance steady state porometry, stomatal

conductance (g8) is computed according to:

g8 = (ujL)*(e/Ae) (11)

where u is flow rate (mol s-l), L is leaf surface area (m2),

and e is vapor pressure (kPa), and Ae is leaf-to-air vapor

pressure difference. Vapor pressure (e) is determined as:

e := RH reseT) j 100%] (12)

where RH is relative humidity, e S is vapor pressure at

saturation, and T is temperature of the leaf or the air.
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The error in estimation of leaf e is dependent on the error

in estimation of leaf T since leaf RH is assumed to be 100%.

In automated self-contained, steady-state gas exchange

systems, Assimilation (A) is estimated as:

A = [(Cb - C f ) * V] / (..1t L) (13)

where Cb and Cf are initial and final CO2 concentrations,

respectively, At is change in time, V is the system volume,

and L is leaf area (m2).

Table 7.3. Errors associated with gas exchange measurements

Variable

u
RH
Leaf T
Leaf area
Chamber T
[C02]
OVERALL

% Error

1
3
~3

<5
0.2
~0.5

5

Reference

McDermitt, 1990
McDermitt, 1990
McDermitt, 1987, 1990
Li-Cor Sci.
McDermitt, 1987, 1990
McDermitt, 1987
McDermitt, 1987, 1990

The magnitude of errors associated with the individual

techniques used in this study seemed to remain within the

expected limits of 10%. Of particular relevance is the

agreement between data taken at different scales of

observation, i.e., whole plant and canopy level, fitted

together during analysis of energy balance and latent heat

flux partitioning. For example, coffee latent heat flux
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showed a clear increment with increasing LAI, matching total

latent heat flux at LAI=6.7.

Also encouraging were the results obtained from the

decoupling coefficient model, in which canopy, whole plant,

and leaf gas exchange measurements were succesfully merged

in an attempt to estimate the degree of decoupling of the

coffee hedgerows. The close agreement between the output of

the model and the expected results confirmed the accuracy of

the measurements taken at different scales of observation.
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