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Diurnal patterns of carbon dioxide, water vapour, and energy fluxes
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using eddy covariance
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Abstract

We analyzed the eddy covariance measurements of momentum, mass, and energy taken daily throughout five conse-
cutive seasonal courses (i.e. 840 d after planting) of a pineapple [Ananas comosus (L.) Merr. cv. Red Spanish] field
growing in the Orinoco lowlands. This field provides an opportunity for micrometeorological studies because of the flat
and windy site; the seasonal weather including ENSO effects and the Crassulacean Acid Metabolism (CAM) physiology
of the crop were additional attributes. Soil CO, flux was quantified and added to the net ecosystem exchange in order to
obtain the canopy flux (Fc). The canopy CO, flux partially followed the four phases of CAM sensu Osmond (1978). The
daily pattern of gaseous exchange in pineapple showed a continuum spectrum in which a major proportion of CO,
uptake occurring during the daytime was common and in which the CAM expression was related to day and nocturnal
CO, uptake. However, the benefits of CO, uptake at low water cost were constrained by the limited nocturnal CO,
uptake. Seasonal and ontogenetic changes affected the energy exchange as well as the partitioning of available energy
into sensible (Qg) and latent (Qrg) heat. When the hourly net radiation (Qg,;) reached its maximum value, latent heat
flux (Qg) to available energy throughout the vegetative and reproductive stages was 0.65, 0.05, 0.30, 0.11, and 0.33 for
the 1997 wet season, 1997/98 dry season, 1998 wet season, 1998/99 dry season, and 1999 wet season, respectively.
Throughout the growth period, we found the pivotal role of surface conductance (gs) in both Qg and F¢. Furthermore,
the canopy responded to environmental changes. During the wet seasons the gs was strongly influenced by humidity
mole fraction deficit and was usually lower than aerodynamic conductance, whereas during the dry seasons, soil water
deficit limited evapotranspiration and production rates. For the fully canopy cover, the hourly trend of marginal water
cost of pineapple carbon gain in the dry seasons indicated that gg became sufficiently efficient to reduce the amount of
water transported per unit of carbon gain. In the wet season, the coupling of CO, uptake and stomatal conductance was
more effective in maintaining a higher proportionality between Qg and gs.

Additional key words: air humidity; CAM; energy flux density; Orinoco lowlands; southern oscillation phenomenon; surface
conductance; temperature; wind velocity.

Introduction

In drought-prone domains, there is interest in crops that
assimilate CO, via the Crassulacean Acid Metabolism
(CAM) pathway in order to integrate marginal lands into
production. This is possible because CAM crops can
maintain a positive carbon balance, even at low water
potential (Osmond 1978). Therefore, the comparative
advantage of CAM systems and their potential for food
production are always undergoing intensive examination.
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Pineapple is the most widely distributed CAM crop
(Sideris et al. 1948, Ekern 1965, Zhang and Bartholomew
1993). This crop is planted over wide areas of savannas
where interacting stressful factors are a common environ-
mental feature. Under these conditions, the eco-physio-
logical advantage of CAM species can be related to
metabolic plasticity in the CAM response to daily or
seasonal changes (Borland and Taybi 2004, Liittge 2004).
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Adaptive features in the pineapple cultivars have been
associated with their functional advantages in limiting
environments (Bartholomew and Kadzimin 1977).
Specifically, the inverted pattern of stomatal movement
in pineapple is coupled with a low transpiration ratio
(50-166) (Neales et al. 1968, Aubert 1970, Bartholomew
and Kadzimin 1976). This pattern is markedly regulated
by thermoperiod, photoperiod, and plant water status
(Yoder 1969, Yoder and Bartholomew 1969). Critical
adaptations for the survival of pineapple during stressful
periods result in a deadlock for carbon exchange as the
CO, uptake is considerably reduced during the noon
hours (Osmond 1978). Under experimental conditions,
this reduction in CO, uptake can reach 58-88 % of the
total CO, absorption (Neales et al. 1968, Neales 1973). In
savanna conditions, adaptation of pineapple cultivars to
strongly interacting stress factors is critical for survival
and agricultural output. However, available results are
scarce for understanding and predicting pineapple perfor-
mance under field conditions. Water use in field by CAM
crops is scarcely known, especially under variable envi-
ronment, particularly water supply (Ekern 1965). CAM
plants are efficient users of water compared to C; and
even C, plants (Liittge 2004) but need assessing in field
because of feed-back mechanism, which may decrease
advantage of CAM mechanism. The overall framework
of this study was to analyze the effect of diurnal condi-
tions on the ecological functioning (i.e. CO, exchange
and evapotranspiration) of a pineapple cultivar Red
Spanish growing during consecutive seasonal courses in
the Orinoco lowlands. We monitored diurnal energy
balance, CO, exchange, and the evapotranspiration
process of rain-fed pineapple cultivated in savanna.
Knowledge of the physiology of gaseous exchange in
CAM plants has mostly been gained on the basis of
leaves or whole plants using methods relying on measure-
ments with assimilation chambers and carbon isotope
ratios under field or experimentally controlled conditions
(Joshi et al. 1965, Neales et al. 1968, 1980, Bartholomew
and Kadzimin 1977, Nose et al. 1977, 1981, 1986, Sale
and Neales 1980, Cote et al. 1993, Zhu et al. 1999, Keller
and Liittge 2005). However, feedbacks between physiolo-
gical processes and the environment around the leaves do
not usually operate and gaseous exchange may be
effectively reduced by changes in stomatal conductance
(Jarvis and McNaughton 1986). Few analyses of
atmospheric conditions and their influence on pineapple
evapotranspiration have been performed at the crop
surface by lysimeters (Ekern 1965). Measurements of
CO, exchange for a CAM community placed in sealed
rooms have been carried out at the Biosphere 2 Center in
Arizona (Nobel and Bobich 2002). Recent micrometeoro-
logical approaches can provide suitable research means.
This is because pineapple growth can affect surface
forcing conditions, and consequently also CO, exchange
and the partitioning of available energy into the densities

of sensible (Qy) and latent heat fluxes (Qrg) (Baldocchi
1994a,b, San José et al. 2003). Here, gaseous exchange
and energy flux density are measured over a pineapple
canopy throughout all the life-cycle stages. In this case,
micrometeorological approaches and models for the
analysis of gaseous exchange are of particular interest
because of their ability to predict surface control of
energy transfer in terms of canopy and environmental
factors (Jarvis and McNaughton 1986). However, they
have not been used to analyze the coupling of the CAM
plants and the atmosphere. In this sense, pineapple is an
ideal CAM crop to examine atmospheric control upon
surface conductance (gs) with concern for the effect of
diurnal conditions. As a consequence, although an
increasing number of studies of gaseous exchange in
CAM crops are being undertaken, the results are often
inconclusive.

This study was carried out within the Orinoco
savanna (0.4x10'* m®) of northern South America. Across
these savannas, an appreciable climatic gradient occurs
mainly related to variation in mean annual precipitation
and the length of the dry season, which increases from 2
to 5 months (San José et al. 1985, San José and Montes
1991). These remarkable seasonal conditions are rein-
forced by their oligotrophic soils with low water-holding
capacity (San José et al. 1982, 1985). Under these
limiting conditions, the rain-fed and fertilized pineapple
yields 35 t per ha (Michelena 1992), which is consider-
ably lower than the maximum yield (103 t per ha)
reported for pineapple (Romero et al. 1973). Therefore,
there is a need to increase understanding of diurnal CO,
and water vapour transfer processes associated with
increased productivity of pineapple, taking into account
daily differences across growth duration. A notable
feature of the Orinoco savanna is its high potential for
expanding agricultural activities. This provided an oppor-
tunity to study rain-fed pineapple adaptation over
consecutive seasonal courses. Understanding the role of
the transfer processes is necessary for predicting how
land management could affect crop functioning.

The present work was undertaken to: (1) analyze the
effect of environmental savanna conditions on diurnal
CO, flux and the partitioning of available energy into
latent heat and sensible exchanges over a pineapple
canopy using the eddy covariance method; and (2) assess
the processes controlling CO, exchange and evapotran-
spiration under the different surface conditions generated
by canopy structure and growth duration throughout the
life-cycle stages. Those results could be useful in formu-
lating a more comprehensive ecological study of CAM
crops on the surface and environmental processes that
control energy transfer during daytime and night-time
periods. Although the magnitudes of the fluxes reported
are relevant to similar sites, the processes described may
be representative of lowlands subjected to daily variations
and planted with pineapple.
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Materials and methods

Study-site was selected at the experimental station
(9°38'N, 63°37'W) of Santa Barbara (National Institute
for Agricultural Research) (Edo. Monagas), Venezuela.
The landscape is a conserved mesa (Hedberg and Pyre
1944) with alluvial highlands. Site altitude was 195 m.
The soil is an infertile sandy loam belonging to the
Ultisols and specifically to the Arenic Kanhaplustuls
according to U.S. Taxonomy (Cabrera de Bisval et al.
1993). The climate is characterized by a mean annual
precipitation of 1 018 mm and a growing season spanning
May to November with 685 mm. The annual mean tem-
perature is 25.9 °C and annual class A pan evaporation is
1 548 mm.

Pineapple community: A 36 ha plot (600600 m) was
selected such that the source area/footprint of the flux
measurements remained within the area. At the centre of
the plot, the performance of the eddy covariance equip-
ment was tested by measuring and relating the ratio of the
standard deviation of the vertical wind speed (cy,) to the
friction velocity (us). This ratio was related to the atmo-
spheric stability as predicted by Monin-Obukhov similar-
ity theory. For unstable conditions, this ratio is measured
at a rate proportional to [(z — d)/L]"* as indicated by
Kaimal and Finingan (1994), where z represents the
height above zero-plane displacement (i.e. d) and L the
Monin-Obukhov stability length. Determinations of these
parameters will be explained in following sections. The
up-wind fetch was 424.2 m.

The 36-ha plot was plowed and planted (6 June 1997)
with basal and axilary buds of pineapple cv. Red Spanish.
The planting distance was 0.5 m between individuals and
0.6 m between rows (33 000 plants per ha). Fertilizer was
split into five applications. Fertilizer applications were
typical of those applied in the zone for commercial
pineapple. At 30 d after planting, the soil was fertilized
with 300 kg per ha of 12-12-17/2 NPK fertilizer. There-
after, the soil was fertilized with commercial urea in split
applications of 46.7 kg(N) per ha at 119, 370, 524, and
554 d after planting (DAP). Thus, during the crop life-
cycle, the total N application was 222.8 kg(N) per ha. The
split applications were carried out during leaf growth and
just before flower inductions as outlined in Lacoeuilhe
(1978). At the 30—40 leaf stage, flowering was forced
with Ethephon when the crop was 22 months old. The
fruits were harvested on 24 Sept. 1999 (i.e. 840 DAP).

Micrometeorological measurements: The eddy covari-
ance technique (Aubinet et al. 2000) was used to
simultaneously measure the mass and energy flux
densities over the pineapple field from crop establishment
(120 DAP) to harvesting time at 840 DAP. The carbon
budget of the stand was calculated as outlined in Ruimy
et al. (1995). The analysis was carried out throughout five
consecutive seasonal courses. During the 1997 wet
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season (0—220 DAP), the crop was established (0-120
DAP), and thereafter it grew vegetatively throughout the
1997/98 dry (221-340 DAP), 1998 wet (341-600 DAP),
1998/99 dry (601-664 DAP), and the beginning of the
1999 wet (665-690 DAP) seasons. Reproduction onset
was forced and measurements were taken until harvesting
(840 DAP) at the end of the 1999 wet season.

The flux density of short-wave radiation was
measured over the plot with two pyranometers (LI-200X,
LI-COR, Lincoln, NE, USA and CM3, Kipp and Zonen,
Deft, Holland) facing up. The albedo was measured with
a pyranometer (CM3, Kipp and Zonen) facing down. The
net radiation (Qg,) (i.e. net all-wave radiation balance)
over the crop was determined with two net radiometers
(Funk-type, model SRI.4, Solar Radiation Instruments
and Q-7.1 Campbell Scientific, Logan, UT, USA). At the
soil surface, the net radiation was measured with a tube
radiometer (TRL/M3, Delta-T Devices, Cambridge,
England) and a net pyrradiometer (Funk-type, model
S.R.1.4, Solar Radiation Instruments, CSIRO, Australia).
The signals from the instruments were recorded every
second and averaged every minute on a data-logger (21X,
Campbell Scientific). Hourly data represent an average of
60 consecutive readings. All times were local apparent
times.

The eddy covariance system was assembled according
to Moncrieff et al. (1997). It encompassed a 3-dimensio-
nal sonic anemometer (Solent A1002R, Gill Instruments,
Lymington, UK) for measuring the components of wind
and a fast-responding closed-path gas analyzer (IRGA)
LI-6262 (LI-COR, Lincoln, NE, USA) to measure carbon
dioxide and latent heat flux densities. The inlet tube was
mounted 1.6 m above the canopy. Air was conducted
continuously through 6-mm diameter tubing (Dekabon
1300, Deame & Co., Glasgow, Scotland) at a flow rate of
6 000 cm® per min into the gas analyzed. It was pulled
with a pump (CAPEX V2X, Charles Austen Pumps,
Surrey, UK) and the flow rate was maintained with a
mass flow controller (Tylan FC2900B, Tylan General,
Swindon Wilts, UK). The calibration of the analyzers was
checked every 2 d using a water vapour generator (WG
602, Analytical Development Company, Hertfordshire,
UK) and accurate CO, concentration from a primary gas
calibration cylinder prepared by LI-COR. The accuracy of
this gas was periodically checked by gas prepared using
precision gas-mixing pumps (Wosthoff, Bochum,
Germany). The system was controlled and fluxes calcula-
ted in real time by the software Edisol (Moncrieff et al.
1997). This software also allows the storage of raw data
on a laptop computer for post-processing. Edisol's algo-
rithms permit corrections from non-ideal frequency
response of the system on the basis of combined transfer
functions as proposed by Moore's scheme (Moore 1986).
The maximum corrected signal was less than 8 % of the
fluxes. In addition to these corrections, the CO, and water
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vapour delay times between measuring changes in air
velocity (w') (i.e. sonic anemometer) and recording the
simultaneous change in scalar concentration (c') at the
IRGA were calculated, and maximum correlation
coefficient (i.e. w' ¢') was set in order to calculate the
fluxes (Massheder and Moncrieff 1997). These results
were inter-compared with those measured in a second
sonic system involving a second thermocouple attached
to a Krypton hygrometer (KH20) and a sonic anemometer
(model CA27 from Campbell Scientific) as proposed by
Villalobos (1997) for studying the effect of sensor separa-
tion and corrections on eddy covariance fluxes. During
two weeks, the results indicated that the fluxes were
similar throughout unstable and stable conditions.

At the plot, soil heat flux (Qg) was measured using a
network of ten heat flux plates (S.R.1.9. Solar Radiation
Instruments, CSIRO, Victoria, Australia), which were
placed 0.08 m below soil surface. The net storage of
energy (Qsg) in the soil column was determined from the
temperature profile (TP) taken above each soil heat flux
plot.

At the plot, instruments were installed near the centre,
and measurement height was maximized by using the
source area/footprint analysis as outlined in Schuepp
et al. (1990). Additionally, air-intake tubes were fixed to
a metal mast at 12 levels above the crop and within
foliage. These hoses were connected to a type 161 gas
handling system (Analytical Development Company,
Hertfordshire, UK) and CO, in the air was measured with
an infrared gas analyzer (LI1-6262, LI-COR) to calculate
changes in CO, storage fluxes. In addition to measuring
the vertical changes in the gaseous exchange, two masts
were placed in the field at distances of 10 and 25 m from
the central mast, and the eddy covariance systems were
used to analyze changes in gaseous exchange with distan-
ce downwind (i.e. advection) as outlined in San José
(1992). Before the field measurements, the equipment
was inter-compared and figures connected for variations.

At the plot, hourly soil CO, efflux was measured over
the pineapple life-cycle stages by randomly positioning a
respiratory chamber (LI-6000-09, LI-COR) connected to
an infrared gas analyzer (L1-6200, LI-COR). Every hour,
four replicate samples were processed in the area. For
each measurement, soil temperature was taken by placing
a thermocouple 0.1 m below the soil surface.

Volumetric water content was measured daily at
0.6 m depth in intervals of 0.15 m by using time domain
reflectometry (TDR) (6050X1 Trase System, Soil
Moisture Equipment, CA, USA). At each soil depth, three
probes were buried horizontally and readings were taken
by using a multiplexer (6022 Trase System). During the
crop life-cycle, the site was equipped with an automatic
weather station (CM6 Campbell Scientific, Logan, UT,
USA) to measure the values of ancillary meteorolo-
gical features (i.e. solar radiation, precipitation, air tem-
perature, relative humidity, pressure, wind speed, and
direction).

Data gap-filling due to system stops was performed in
7 % of the total number of days. In order to take account
of the data gaps, a parametrization was used as outlined
in Aubinet et al. (2000, 2002) when meteorological data
was available. In the case of unavailable data, the missing
flux was replaced by interpolation.

Conductance pathway to the transfer processes: The
conductance approach based on the Penman equation
(Monteith et al. 1965) was applied for comparative
analysis of the processes controlling the transfer of
energy. The aerodynamic conductance for water vapour
(0.) was calculated from wind data taking into account
the additional boundary layer conductance to water
vapour and CO, fluxes relative to the momentum flux
(Thom 1975). It can be expressed as:

z
g;l=ul2+klll [ln—°+‘PM—‘PHj (1)
* * H

where u is the horizontal wind speed as measured at the
reference height above the surface, u- is the friction velo-
city as measured by the eddy covariance system, k is von
Karman's constant, and Zy/Zy is the ratio of the surface
roughness parameter for momentum (Z,) and heat (Zy)
transfers (Verma 1989), which takes into account the sink
and source distribution of momentum, heat, and mass as
well as the difference in transfer mechanism. The Z/Zy
rate was taken as 10, a typical value for homogeneous
canopy (Garrat and Hicks 1973), and W\, and Wy are the
adiabatic correction factors for momentum and heat,
respectively (Paulson 1970). These were calculated by
the integrated momentum and heat profile functions.

Surface conductance (gs) was calculated from inver-
sion of the Penman-Monteith equation (Kelliher et al.
1993), which encompasses the latent (Q.r) and sensible
heat (Qy) flux densities as well as the specific humidity
deficit of air (D,). Thus, gs is calculated for the entire
surface:

o e+l eA p,D,
= -1 2
% [ga LeﬂxQLE) j Q. @)

where € is the rate of change of the latent heat content of
saturated air with changes in sensible heat content [i.e.
(MCp) dgsat/dT,, A is the latent heat of vaporization, C, is
the specific heat of the air, gy, the saturation specific
humidity at a reference height above the surface, T, is air
temperature]; A is the available energy for the canopy
(Ac) and soil (As) (i.e. A = Ac + As), p, is the density of
air, and Qg is the surface evaporation rate. This is an
equation with latent heat flux density for the total LE
density (i.e. contribution from canopy and soil) and the
available energy for the entire surface (A).

Microclimatic features: Canopy surface temperature
(T.) (i.e. air temperature at the surface canopy) was
determined as outlined in Adams et al. (1991). The

373



J. SAN-JOSE et al.

equation to calculate T, becomes:

Qy
T, =T, + —— 3)

Pa C p g a
where Qy is the sensible heat flux. In four plants selected
at random, canopy temperature was measured by attach-
ing four copper-constantan thermocouples to the adaxial
leaf insertion at the stem.

Canopy-to-air humidity fraction mole difference (D,)
was calculated as the difference between the saturation
humidity fraction mole at the canopy surface and the
humidity fraction mole of the air. The former was
determined from the evaporation rate, the air humidity
fraction mole, and g,.

The environmental effect on gg was analyzed by non-
linear least square optimization as outlined in Jarvis
(1976). This analysis is used to empirically determine
response of gs to radiation, canopy temperature, air humi-
dity mole fraction deficit, and soil volumetric water con-
tent. Also, the model developed by Cowan and Farquhar
(1977) was applied for a comparative analysis of the pro-
cesses controlling the transfer of energy. We examined in
detail the influences of changes in environmental
conditions on the ¢s behaviour by calculating the
marginal unit water cost of canopy carbon gain (A) as
outlined in Lloyd et al. (1991) for field application.

Results and discussion

During the measuring period (i.e. 840 d after planting
from 6 June 1997 to harvesting), the recorded meteoro-
logical data (Fig. 1) indicated that the accumulated
precipitation was 2 789 mm. The meteorological patterns
during the years 1997 and 1998 were drier and hotter than
those prevailing in the Orinoco lowlands over the 33
year-climadiagram. After crop planting, there was a
bimodal pattern of precipitation with four marked rainless
periods (i.e. 100-105, 128-159, 185-191, and 217-219
DAP) and accumulated rainfall of 792 mm. The observed
severe rainfall variability and displacement of the centre
of precipitation were associated with a warm, sunny, and
hot front with low rain, which is characteristic of the
El Nifio/Southern Oscillation phenomenon (ENSO). By
contrast, the conditions during the year 1999 were similar
to the normal climatic pattern.

The turbulent energy fluxes (i.e. sensible heat, Qy,
plus latent heat, Q) and the available energy (i.e. net
radiation, Qg,, less the net storage heat flux, Qasy) over
the flat, homogeneous, and short pineapple stand were
determined simultaneously, and the results compared by
regression. The effect of the random error in the
independent variables was addressed on the regression
statistics (Meek and Prueger 1998). The statistical test
showed a significant slope of 0.99; r’=0.81; Fs ANOVA
= 146; and root mean square = 18 W m > The methods
indicate a closure at the site and from these findings;
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The value of A remains constant when the sensitivities of
the rates of transpiration and carbon canopy assimilation
(F.) to variation in surface conductance [i.e. (A =
0QLr/00,)/(8F./8g;)] is a constant over a specific time
(Cowan and Farquhar 1977). Therefore, gs responds
directly to change in the environmental conditions
(Cowan 1982). The term is calculated as:
_ 9D, (C,-D)

A=3Qp/dF, == —a za” ) 4
LE c 1.6FC2 ( )

where C, is the atmospheric CO, concentration, and I"
(i.e. the CO, compensation concentration) was measured
as a function of canopy temperature (T.) using a field-
based photosynthesis system. The canopy flux (F.) was
calculated by adding net ecosystem exchange to soil flux.
The method was applicable to the pineapple canopy on
the basis of the following theoretically satisfactory
requirements. Here, the internal CO, concentration (C;)
and F_ were partially depending on the CAM mode and
relatively independently on D, The aerodynamic
conductance was sufficiently large for it to be ignored
and the relationship in a closed canopy between dQy /005
and D, was adequate. It was assumed that the
carboxylation efficiency and chloroplastic mole fraction
of CO, was linear, and transpiration had low impact upon
canopy temperature.

hence the method was adequate for proceeding with the
analysis. Even though, the energy closure is relevant to
the evaluation of Qg and Qy, the atmospheric
mechanisms, and the theoretical assumptions are similar
for the CO, scalar (Paw U et al. 2000, Wilson et al.
2002). Furthermore, there is a link between CO, flux and
energy balance closure (Wilson et al. 2002). The reasons
for the energy balance closure in the pineapple field can
be related to (@) the short and homogeneous crop growing
in a flat area, (b) the match of flux footprint and sensor
measurements, (C) the considerations of storage terms, (d)
the absence of advection as indicated by measurements of
horizontal fluxes, and (€) the corrections for frequency
losses and sensor lag times.

In the Orinoco lowlands, the diurnal patterns of the
hourly CO, and water vapour fluxes throughout the
pineapple life-cycle were closely dependent upon the ca-
nopy processes and environmental conditions (Figs. 2—6).
The daily patterns of the canopy CO, flux in pineapple
partially followed the four-phases-model described for
CAM species by Osmond (1978), and specifically for
pineapple growing under experimental conditions (Nose
etal. 1977, 1986, Neales et al. 1980, Cote et al. 1993).

At the early vegetative growth stage (i.e. 1997 wet
season) (Fig. 2), the pineapple field showed an initial
slight CO, burst (i.e. phase II of CAM sensu Osmond
1978) from 06:00 to 07:00 h. Associated with a partial gg
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effect, this phase is considered as a transient between behaviour of the CAM vacuole and the phosphoenol-
dark CO, fixation and the photoperiod, when the storage pyruvate carboxylase (PEPC) activity are involved
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Fig. 2. Hourly values of (A) energy budget components (Q,y = input of short-wave radiation; Qg, = net radiation; Qg = latent heat
flux; Qy = sensible heat flux; Qasy = net storage heat flux), (B) CO, flux (F, = canopy flux; F = soil flux; NEE = net ecosystem
exchange), (C) surface (gs) and aerodynamic (g,) conductances, and wind velocity (u), (D) air humidity mole fraction deficit (D,),
canopy-to-air humidity mole fraction difference (D.), air temperature (T,) and canopy temperature (T.) in pineapple during the 1997
wet season of the Orinoco lowlands. Parameters were measured in typical days of the early vegetative stage (118—119 DAP).

375



J. SAN-JOSE et al.

(Kluge et al. 1982). Here, the CO, burst occurred during
early growth when the environmental conditions were
characterized by a null gradient in temperature and
humidity between the canopy and the air. In experimental
conditions, the CO, burst in CAM species is enhanced by
factors such as the long day conditions, the high irra-
diance, the low daytime temperature, and water-supply
(Kluge 1968). After earlier morning hours, the CO, burst
in the crop was followed by a slight decrease in CO,
intake, which would correspond to phase III of Osmond’s
model. The slight CO, uptake depressions related to
CAM metabolism occurred independently of the water
relations of the crop. Only during the extremely stressful
conditions of the dry season, the water losses in pineapple

1000

were markedly reduced (Figs. 3 and 5). During these
days, the magnitude of gs allows a moderated gaseous
exchange with the atmosphere, and a feedback response
leads to conserve water such as reported for other CAM
species growing in extreme habitats (Lange et al. 1975).
During the phase III, the reduction in the uptake of the
CO, from the atmosphere was associated to a decrease of
both the gs and the CO, gradient between the atmosphere
and the calculated C;, specifically during the warmer
hours. Similar trend of gaseous exchange has been
reported for pineapple growing under experimental
conditions (Cote et al. 1989). In CAM species with
strictly inverted rhythm, photosynthesis depends entirely
upon carbon supply from the onset of malic acid, the
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efflux from the vacuole, and the recycling (Winter and
Tenhunen 1982, Friemert et al. 1988). In the early
vegetative growth stage of pineapple (Fig. 2), a second
peak of canopy CO, flux (i.e. phase IV) was measured at
the end of the daytime. During this stage of exogenous
CO, assimilation, the nocturnally stored malic acid is
consumed and transferred from the CO, uptake via
ribulose-1,5-bisphosphate carboxylase (RuBPC) to CO,
storage via PEPC (Kluge 1968). The magnitude of phase
IV depended upon irradiation. During the stressful
conditions of the dry seasons, this phase experienced
marked reduction such as has been reported for other
pineapple cultivars (Nose et al. 1981, Keller and Liittge
2005). During the earlier growth stage, nocturnal CO,

uptake (i.e. phase I of the Osmond’s model) and sporadic
short respiratory activity were found. The ratio of night-
time CO, uptake to daytime canopy CO, flux was 2.08.
As the vegetative growth proceeded (Fig. 3), the crop
experienced the effect of the stressful conditions of the
1997/98 dry season (i.e. the ENSO phenomenon), and the
length of the growing season was markedly increased
from 2.0 to 2.3 years. During these extreme conditions,
the daily trend of the surface conductance over the pine-
apple field showed an inverted rhythm, which was similar
to the pattern exhibited by the model of CAM sensu
Osmond. However, photosynthesis did not depend
entirely upon carbon supplied from the decarboxylation
of malic acid as a slight CO, uptake from the atmosphere
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was measured (Fig. 3). At the beginning of daytime, CO,
efflux was observed when Qg increased. Similar efflux
has been measured in a single pineapple leaf and a micro-
crop (Neales et al. 1980). This efflux occurred when the
rate of CO, re-fixation by photosynthesis was insufficient
to retain the CO, released from malate decarboxylation,
mitochondrial respiration, and photorespiration (Kluge
1968, Szarek and Ting 1974). Here, the efflux was
enhanced by solar radiation and temperature. The
radiation effect was shown in individual pineapple plants
by Nose et al. (1977).

During the daytime of the reproductive stage (Fig. 6),
the canopy CO, flux reached its maximum value (7.2—
8.7umol m? s). This result could be related to an

1000

increase in the assimilation sink (i.e. demand function) as
reproductive organ development. This stimulating effect
on canopy activity by the onset of reproductive organs
was reported for Manihot esculenta growing under simi-
lar lowland conditions (San José and Mayobre 1982). The
maximum canopy CO, flux in pineapple was limited to a
low rate as compared to that reported for C4 pasture using
eddy covariance techniques (25-40 pmol m s™'; Grace
et al. 1998). The low CO, uptake in pineapple was
associated to remarkably low gs. This is a common trait
of the CAM species that has been explained on the basis
of the high resistance to CO, diffusion from the

atmosphere to the site of carboxylation and the capacity of
RuBPC (Combres 1983, Py et al. 1984, Cote et al.
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1993). However, carbon assimilation in pineapple
depends not only on the daytime atmospheric CO, uptake
but also on the nocturnal gross CO, uptake (i.e. CO, from
external atmosphere and respiratory recycling) such as
shown by Cote et al. (1989) using isotopic techniques. In
this balance, the respiratory recycling ranges from 30 to
40 % of the total CO, fixed into malate via PEPC. This
recycling depends upon the metabolic control (i.e. the
regulation of PEP synthesis from glucan, and feedback
control of PEPC; Kluge and Ting 1978). Using afore-
mentioned results, the calculated carbon assimilation by
the pineapple cv. Red Spanish growing in the Orinoco
lowlands would be 22-23 pmol m* s, which is a similar

1000

value as the low extreme determined for the afore-
mentioned C, pasture.

During the reproductive stage (Fig. 6), the nocturnal
canopy flux ranged from 5.9 to 7.1 umol m ? s'. Taking
into account the leaf area index (LAI), the maximum
values spanned from 1.3 to 1.6 pmol(CO,) m *(leaf area)
s'. Under experimental conditions, Sale and Neales
(1980), Neales et al. (1980), and Zhu et al. (1999)
reported nocturnal values for pineapple spanning from
1.0 to 7.0 umol m *(leaf area) s'. The night flux error
was an assessment of the relative effect of the storage and
advection processes that take place at night. The need to
take these two terms into account has been stressed by
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Goulden et al. (1996), Grace et al. (1996), Aubinet et al.
(2002), and Kruijt et al. (2003). Here, the storage was
neglectful during the five consecutive seasons. Thus, the
seasonal averaged hourly storage in the daytime and
night-time ranged from 0.032 to 0.123 pmol m? s
Therefore, this term did not lead to an appreciable
correction. The effect of field heterogeneity and
advection shows that the flux differences from the three
eddy covariance systems were less than three percent.
Therefore, nocturnal fluxes with respect downwind can
be considered as isotropic. The effect of night-time
mixing in the diurnal pattern of net ecosystem exchange
was assessed. Nights were evaluated on the basis of the
average value of the friction velocity (u«) below 0.1 ms ™.
Hence during the five consecutive seasonal courses, the
percentage of nights with average u« below 0.1 m s was
5.8, 0.0, 17.3, 0.0, and 22.0, respectively. Therefore, the
calm nights were absent throughout the dry seasons,
whereas during the wet season nights there was a reduced
proportion. In the calm nights, less than 40 % of u« values
were below 0.1 m s™'. The corrector applied by replacing
data made during the calm nights by parametrization
showed that the correction varied between 0 and 4 % of
the uncorrected flux. In these conditions, correction of the
night flux error was less than 5 % in extreme nights with
low turbulence. These results were corroborated by the
agreements found between the eddy covariance system
and soil chamber measurements. Here, the flux of
nocturnal CO, uptake was partially controlled by the
behaviour of gs such as has been reported for CAM
species (Kluge and Ting 1978). Also the storage capacity
of the vacuole and malic acid content in the mesophyte
cell vacuoles of the chloroplast are constraining the
process (Kluge and Fischer 1967, Ting and Gibbs 1982).
Throughout crop development, the daily pattern of
gaseous exchange showed an elastic response since it
presented a continuous spectrum. This ranges between
two extremes in which major proportion of daytime net
CO, uptake was common and in which the expression of
CAM was related to both diurnal and nocturnal CO,
uptake. For the typical days of the wet seasons (Figs. 4
and 6) the proportion of canopy CO, flux in the night-
time in relation to this flux in the day (i.e. CAM activity)
ranged from 0.34 to 0.48. Therefore, the daily carbon
incorporation during the wet seasonal courses was related
mainly to daytime CO, fixation. Daily trend of net CO,
exchange and water vapour transfer measured over the
pineapple field during the wet seasons did not follow the
CAM inverted rhythm reported for this crop growing
under controlled conditions with adequate water supply
(Neales et al. 1968, 1980, Nose et al. 1977, Sale and
Neales 1980, Cote et al. 1993, Zhu et al. 1997a,b, 1999).
However, the nocturnal CO, influx of the community still
occurred such as reported for Agave deserti (Hartsock
and Nobel 1976), A. americana (Neales et al. 1968), and
Dudleya farinosa (Bartholomew 1973). In relation to gs,
the typical inverted trend was not observed. However,
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when canopy temperature gradient between daytime and
night-time was above 16 °C, the nocturnal magnitude of
gs was markedly above that for daytime gs (Figs. 4 and
6). As the nocturnal canopy to air humidity mole fraction
difference increased, the night-time gg decreased until it
reached a minimum value. Thereafter, it increased
slightly until pre-dawn hours. The results evidenced that
pineapple growth was maximal during the wet seasons
when daytime CO, uptake via RuBPC predominates over
the daily course. This major partitioning taken up in the
daytime via RuBPC is a major adaptive advantage for
growth of pineapple and other CAM plants because of
longer CO, uptake (Neales 1973, Borland and Taybi
2004). For the typical days of dry seasons (Figs. 3 and 5),
CAM activity in pineapple spanned from 0.31 to 0.90. In
stressed pineapple cultivars, Bartholomew (1982) and
Keller and Liittge (2005) have described CO, uptake
almost exclusively during the dark period (i.e. phase I of
CAM mode). Here the benefits of CO, uptake at low
water cost in the Red Spanish pineapple were curtailed by
the limited night-time CO, fixation. In spite of this
limited nocturnal gaseous exchange, the crop was able to
maintain the phytomass during the extreme conditions of
the dry season. Under these conditions, CAM idling
(sensu strictu) (Szarek et al. 1973, Ting 1985, Liittge
1987, Griffiths 1988) in the cv. Red Spanish occurred
during very few days (Fig. 3). This maintenance
mechanism was related partially to internal recycled or
night-time re-fixed respiratory CO, as the Qs remained
markedly low during the daily trend. In spite of the fact
that carbon recycling under water stress occurred during
few days (Griffiths 1988), the respiratory CO, utilization
was crucial in maintaining a functional photosynthetic
apparatus during the dry seasons.

Pineapple strategy switched from water expenditure
in the early vegetative growth stage to water-saving mode
in the rest of the growth stages. Therefore, the last
response was maintained throughout the consecutive
seasonal courses, including the wet conditions. Thus,
water is conserved for plant growth throughout the
seasonal courses. However, the surface control on the
daytime Qg was lower during the wet season as
compared to that in the dry season. At the beginning of
the wet season, the reversible gs control prevailed in the
stressed cv. Red Spanish since the gaseous exchange
capacity was rapidly restored.

The relative effect of gs on the gaseous exchange
(i.e. Qg and F)) was evaluated by calculating the
marginal unit water cost of pineapple carbon gain (i.e.
A = 0Qg/0F,) for the complete canopy cover (Fig. 7) as
outlined by Cowan (1982). Results indicate that surface
response depended on the season. During the wet season,
the pineapple crop features a surface adapted to decreased
A throughout the daytime. Thus, the sensitivity of Qg
and F. to gs followed a similar hourly trend. However,
the coupling of CO, uptake and gs was more effective in
maintaining a higher proportionality between assimilation
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Table 1. Non-linear square optimization parameters (K;, K, and K3;) of the hourly surface conductance model for pineapple [Ananas
comosus (L.) Merr. cv. Red Spanish] field grown in the Orinoco lowlands. Data corresponds to daytime values of the consecutive

seasonal courses.

Model Season K, K, K;

Hourly solar radiation and hourly air humidity mole fraction deficit =~ 1997, wet season 1.726 8.330 0.048
1998, wet season 2.943 3.786 -2.683
1999, wet season 2.678 2.378 -0.031

Hourly solar radiation and soil volumetric water content 1997/98, dry season  1.250 1.762 —63.183
1998/99, dry season ~ 1.053 -1.925 —-104.184

and gs as compared to the proportionality between Qg
and gs. Therefore, less water was transpired per unit of
carbon gained. During the dry season, the relatively lower
daytime 0Qg/OF, indicates an increase in carbon gain as
the soil volumetric water content decreased. During this
season, the pineapple surface changed as regards control-
ling water losses. As daytime proceeded, gs became suffi-
ciently efficient to reduce the amount of water trans-
ported per unit carbon gain. Therefore, the magnitude of
OdQg/0F, resulted in much carbon gain as possible in
order to increase water-use efficiency under low water
availability. This gs response was related with variations
in the hourly solar radiation and soil volumetric water

content after calculating the non-linear optimization para-
meter of the hourly surface conductance model (Jarvis
1976, Reed et al. 1976) (Table 1). The hydraulic signal of
A could be associated to changes in content of foliar
abscisic acid, ABA (Thomas and Eamus 1999). A similar
response to soil drought has been reported for Eucalyptus
tetrodonta growing in northern Australian savannas
(Thomas et al. 1999). The relatively constant slope of
hourly 6Q,r/0F, during the stress indicates that surface
was behaving optimally as postulated by Cowan (1982).
An efficient surface to maintain a constant slope of
0Q_p/0F, can be crucial for pineapple survival during the
dry season.

5000
® 798 DAP
4000 + © 799 DAP
4 649 DAP
4 650 DAP
5 3000
£
2
: 2000 +
1000 | . . . .
Fig. 7. The marginal unit water cost of pineapple
carbon gain (A = 8Q.p/0F,) [mol mol™'] as
0 L— 1 ) ! N . 1 ) ) ) a function of the local hour for typical days of the
8 9 10 11 12 13 14 15 16 17 18 dry (649-650 DAP) and wet (798-799 DAP)
LOCAL TIME [h] seasons of the Orinoco lowlands.

Results of cv. Red Spanish did not show that the
CAM mode was affecting markedly the gs response. This
finding is compared unfavourably with the experiment of
Neales (1973). At the beginning of daytime, the calcula-
ted C; increased with lowering in rates of transpiration
and CO, exchange and in gs. However, the daytime
demand function in pineapple increased more than the
supply function and the maximum C; did not reach
elevated values (407-470 pmol mol ') such as measured
in pineapple under experimental conditions (1 320-5 000
pmol mol ™) (Cockburn et al. 1979, Spalding et al. 1979).
This response is modulated by an opposite signal from
the D, and the soil water content deficit through a
feedback mechanism. In addition to these physiological
adaptations to cope with stressful conditions, structural

canopy characteristics were related to the water-saving
mode. These attributes were the leaf display and a high
canopy albedo (i.e. 0.16-0.17), which reduces the radia-
tion absorption in the hours of high radiation. Also Red
Spanish has a well developed water storage tissue in the
adaxial leaf surface, forming a palisade tissue. This tissue
stores in the vacuoles malic and aspartic acids as well as
PEPC (Osmond 1978). In relation to roots, new
belowground phytomass is developed in pineapple when
soil water becomes available. Similar adaptations were
reported in species of cacti (Kausch 1965).

The aforementioned results indicate that rain-fed
pineapple was adapted to withstand the extreme seasonal
conditions of the Orinoco llanos. The water-saving mode
in pineapple was able to reduce transpiration even during
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periods with adequate soil water supply. Nevertheless, the
extreme conditions markedly constrained pineapple
growth and leaf area development. The plasticity and
synchronization of the gaseous exchanges with environ-
mental signals were crucial to cope with seasonal varia-
tions. In the Orinoco environment, pineapple was subject
to changing multiple stresses during its growth cycle. The
structural and metabolic features of pineapple allow
optimize growth and reproductive output under these
changing conditions. Traits such as canopy longevity and
0s behaviour can be viewed as an adjustment to the
environmental stress regime. The flexibility of wild
pineapple species and cultivars for photon energy use and
habitat occupation has been reported by Keller and Liittge

References

Adams, R.S., Black, T.A., Fleming, R.L.: Evapotranspiration
and surface conductance in a high elevation, grass-covered
forest clearcut. — Agr. Forest Meteorol. 56: 173-193, 1991.

Aubert, B.: Etude de la résistance a la diffusion gazeuse au
niveau de l'épiderme foliarie du bananier (Musa acuminata
Colla cv. sinensis) et de 1'ananas (Ananas comosus (L.) Merr.)
en conditions naturelles. — Fruits 25: 495-507, 1970.

Aubinet, M.A., Grelle, A., Ibrom, A., Reznik, U., Moncrieff, J.,
Foken, T., Kowalski, A.S., Martin, P.H., Berbigier, P.,
Bernhofer, C., Clement, R., Elbers, J., Granier, A., Griinwald,
T., Morgenstern, K., Pilegaard, K., Rebmann, C., Snijders,
W., Valentini, R., Vesala, T.: Estimates of the annual net
carbon and water exchange of forests: The EUROFLUX
methodology. — Adv. ecol. Res. 30: 113-175, 2000.

Aubinet, M., Heineschard, B., Longdoz, B.: Estimation of the
carbon sequestration by a heterogeneous forest: night flux
corrections, heterogeneity of the site and inter-annual
variability. — Glob. Change Biol. 8: 1053-1071, 2002.

Baldocchi, D.: A comparative study of mass and energy
exchange over a closed (wheat) and an open (corn) canopy: 1.
The partitioning of available energy into latent and sensible
heat exchange. — Agr. Forest Meteorol. 67: 191-200, 1994a.

Baldocchi, D.: A comparative study of mass and energy
exchange over a closed C3 (wheat) and an open C4 (corn)
canopy: II. CO2 exchange and water use efficiency. — Agr.
Forest Meteorol. 67: 291-321, 1994b.

Bartholomew, B.: Drought response in the gas exchange of
Dudleya farinosa (Crassulaceae) grown under natural
conditions. — Photosynthetica 7: 114-120, 1973.

Bartholomew, D.P.: Environmental control of carbon
assimilation and dry matter production by pineapple. — In:
Ting, I.P., Gibbs, M. (ed.): Crassulacean Acid Metabolism.
Pp. 278-294. American Society of Plant Physiologists,
Rockville 1982.

Bartholomew, D.P., Kadzimin, S.B.: Porometer cup to measure
leaf resistance of pineapple. — Crop Sci. 16: 565-568, 1976.
Bartholomew, D.P., Kadzimin, S.B.: Pineapple. — In: Alvim, P.,
Kozlowski, T.T. (ed.): Ecophysiology of Tropical Crops. Pp.
113-156. Academic Press, New York — San Francisco —

London 1977.

Borland, A.M., Taybi, T.: Synchronization of metabolic
processes in plants with crassulacean acid metabolism. —
J. exp. Bot. 55: 1255-1265, 2004.

Cabrera de Bisval, E., Macci, S., Comerma, J., Salazar, J.V.:

382

(2005). Therefore, potential productivity in pineapple will
be reached when the supply and demand for carbon (i.e.
elasticity for carbon uptake), temporal carbon transport,
and water conservation are synchronized in interlocking
with seasonal environments. Signalling requirements for
the co-ordination of carbon fluxes have been proposed by
Borland and Taybi (2004).

Our results can improve management of pineapple or
predict the response to environmental variations that
global change will produce. The effect of the phenomen-
on referred to as the ENSO was evident on pineapple
function. A previous work (Zhu et al. 1997a,b) indicates
that high concentrations of CO, and warm temperatures
can modify gaseous exchange in pineapple.

[Evaluation of water balance model (Cerez-Maiz) in sandy
ultisols of the eastern plains of Venezuela.] — In: Gallardo,
J.L. (ed.): El Estudio del Suelo y su Degradacion en Relacion
a la Desertificacion. Pp. 61-69. Sociedad Espafiola de la
Ciencia del Suelo, Salamanca 1993. [In Span.]

Cockburn, W., Ting, LP., Sternberg, L.O.: Relationships
between stomatal behavior and internal carbon dioxide
concentration in Crassulacean acid metabolism plants. — Plant
Physiol. 63: 1029-1032, 1979.

Combres, J.C.: Bilan energetiques et hydrique d'une culture
d'ananas. Ultilisation optimale des potentialites climatique. —
Compte rendu d'activites, IRFA, Paris 1983.

Cote, F.X., Andre, M., Folliot, M., Massimino, D., Daguenet,
A.: CO2 and O2 exchanges in the CAM plant Ananas
comosus (L.) Merr. Determination of total and malate-
decarboxylation-dependent CO2 assimilation rates; study of
light O2-uptake. — Plant Physiol. 89: 61-68, 1989.

Cote, F.X., Folliot, M., Andre, M.: Photosynthetic crassulacean
acid metabolism in pineapple: diel rthythm of CO2 fixation,
water use, and effect of water stress. — Acta Hortic. 334: 113-
129, 1993.

Cowan, .R.: Regulation of water use in relation to carbon gain
in higher plants. — In: Lange, O.L., Nobel, P.S., Osmond,
C.B., Ziegler, H. (ed.): Physiological Plant Ecology II. Pp.
589-613. Springer-Verlag, Berlin — Heidelberg — New York
1982.

Cowan, L.R., Farquhar, G.D.: Stomatal function in relation to
leaf metabolism and environment. — In: Jennings, D.H. (ed.):
Integration of Activity in the Higher Plant. Pp. 471-505.
Cambridge University Press, Cambridge — London — New
York — Melbourne 1977.

Ekern, P.C.: Evapotranspiration of pineapple in Hawaii. — Plant
Physiol. 40: 736-739, 1965.

Friemert, V., Heininger, D., Kluge, M., Ziegler, H.: Tempera-
ture effects on malic-acid efflux from the vacuoles and on the
carboxylation pathways in Crassulacean-acid-metabolism
plants. — Planta 174: 453-461, 1988.

Garrat, J.R., Hicks, B.B.: Momentum, heat and water vapour
transfer to and from natural and artificial surfaces. — Quart. J.
roy. meteor. Soc. 19: 680-687, 1973.

Goulden, M.L., Munger, J.W., Fau, S.-M., Daube, B.C., Wofsy,
S.C.: Measurements of carbon sequestration by long-term
eddy covariance: methods and a critical evaluation of
accuracy. — Glob. Change Biol. 2: 169-182, 1996.



DIURNAL PATTERNS OF CARBON DIOXIDE, WATER VAPOUR, AND ENERGY FLUXES IN PINEAPPLE

Grace, J., Lloyd, J., Miranda, A.C., Miranda, H., Gash, J.H.C.:
Fluxes of carbon dioxide and water vapour over a C4 pasture
in south-western Amazonia (Brazil). — Aust. J. Plant Physiol.
25: 519-530, 1998.

Grace, J., Malhi, Y., Lloyd, J., Mclntyre, J., Miranda, A.C.,
Meir, P., Miranda, H.S.: The use of eddy covariance to infer
the net carbon dioxide uptake of Brazilian rain forest. — Glob.
Change Biol. 2: 209-217, 1996.

Griffiths, H.: Carbon balance during CAM: an assessment of
respiratory CO, recycling in the epiphytic bromeliads
Aechmea nudicaulis and Aechmea fendleri. — Plant Cell
Environ. 11: 603-611, 1988.

Hartsock, T.L., Nobel, P.S.: Watering converts a CAM plant to
daytime CO, uptake. — Nature 262: 574-576, 1976.

Hedberg, H., Pyre, A.: Stratigraphy of north-eastern,
Anzoategui. — Amer. Assoc. Petr. Geol. Bull. 28: 1-28, 1944.
Jarvis, P.G.: The interpretation of the variations in leaf water
potential and stomatal conductance found in canopies in the

field. — Phil. Trans. roy. Soc. London B 273: 593-610, 1976.

Jarvis, P.G., McNaughton, K.G.: Stomatal control of tran-
spiration: Scaling up from leaf to region. — Adv. ecol. Res. 15:
1-49, 1986.

Joshi, M.C., Boyer, J.S., Kramer, P.J.: Growth, carbon dioxide
exchange, transpiration and transpiration ratio of pineapple. —
Bot. Gaz. 126: 174-179, 1965.

Kaimal, J.C., Finnigan, J.J.: Atmospheric Boundary Layer
Flows. Their Structure and Measurement. — Oxford University
Press, Oxford 1994.

Kausch, W.: Beziehungen zwischen Wurzelwachstum, Tran-
spiration und CO,-Gaswechsel bei einigen Kakteen. — Planta
66: 229-239, 1965.

Keller, P., Liittge, U.: Photosynthetic light-use by three
bromeliads  originating from shaded sites (Ananas
ananassoides, Ananas comosus cv. Panare) and exposed sites
(Pitcairnia pruinosa) in the medium Orinoco basin,
Venezuela. — Biol. Plant. 49: 73-79, 2005.

Kelliher, F.M., Leuning, R., Schulze, E.D.: Evaporation and
canopy characteristics of coniferous forest and grasslands. —
Oecology 95: 153-163, 1993.

Kluge, M.: Untersuchungen iiber den Gaswechsel von Bryo-
phyllum wéhrend der Lichtperiode. II. Beziehungen zwischen
dem Malatgehalt des Blattgewebes und der CO,-Aufnahme. —
Planta 80: 359-377, 1968.

Kluge, M., Fischer, K.: Uber Zusammenhiinge zwischen dem
CO,-Austausch und der Abgabe von Wasserdampf durch
Bryophyllum daigremontianum Berg. — Planta 77: 212-223,
1967.

Kluge, M., Fischer, A., Buchanan-Bolling, 1.C.: Metabolic
control of CAM. — In: Ting, LP., Gibbs, M. (ed.):
Crassulacean Acid Metabolism. Pp. 278-294. American
Society of Plant Physiologists, Rockville 1982.

Kluge, M., Ting, I.P.: Crassulacean Acid Metabolism: Analysis
of an Ecological Adaptation. — Springer-Verlag, Berlin —
Heidelberg — New York 1978.

Kruijt, B., Elbers, J., von Randow, C., Araujo, A.C., Culf, A.,
Blink, N.J., Oliveira, P.J., Mazi, A.O., Nobre, A.D., Kabat, P.:
Aspects of the robustness in eddy correlation fluxes for
Amazon rain forest conditions. — Ecol. Appl. 14: 101-113,
2003.

Lacoeuilhe, J.J.: La fumure N-K de 1"ananas en Céte-d Ivoire. —
Fruits 33: 341-348, 1978.

Lange, O.L., Schulze, E.-D., Kappen, L., Evenari, M.,
Buschbom, U.: CO, exchange pattern under natural conditions

of Caralluma negevensis, a CAM plant of the Negev desert. —
Photosynthetica 9: 318-326, 1975.

Lloyd, J., Trochoulias, T., Ensbey, R.: Stomatal rsponses and
whole-tree hydraulic conductivity of orchard Macadamia
integrifolia under irrigated and non-irrigated conditions. —
Aust. J. Plant Physiol. 18: 661-671, 1991.

Liittge, U.: Carbon dioxide and water demand: crassulacean
acid metabolism (CAM), a versatile ecological adaptation
exemplifying the need for integration in ecophysiological
work. — New Phytol. 106: 593-629, 1987.

Liittge, U.: Ecophysiology of Crassulacean Acid Metabolism
(CAM). — Ann. Bot. 93: 629-652, 2004.

Massheder, J.M., Moncrieff, J.J.: Edisol Operations Manual. —
Institute of Ecology and Resource Management, Edinburgh
1997.

Meek, D.W., Prueger, J.H.: Solutions for three regression
problems commonly found in meteorological data analysis. —
In: Proceeding of the 23™ Conference on Agricultural Forest
Meteorology. Pp. 141-145. American Meteorological Society,
Albuquerque 1998.

Michelena, V.A.: Transferencias de masa y energia en una
comunidad con metabolismo CAM: Ananas comosus (L.)
Merr. cultivada en los llanos orientales de Venezuela.
[Transfer of Mass and Energy in a Community with CAM
Metabolism: Ananas comosus (L.) Merr. Grown in Eastern
Llanos of Venezuela.] — Ph.Sc. Thesis. Instituto Venezolano
de Investigaciones Cientificas, Caracas 1992. [In Span.]

Moncrieff, J.B., Massheder, J.M., De Bruin, H., Elbers, J.,
Friborg, T., Heusinkueld, B., Kabat, P., Scott, S., Soegaard,
H., Verhoef, A.: A system to measure surface fluxes of
momentum, sensible heat, water vapour and carbon dioxide. —
J. Hydrol. 188-189: 589-611, 1997.

Monteith, J.L., Szeicz, G., Waggoner, P.E.: The measurement
and control of stomatal resistance in the field. — J. appl. Ecol.
2: 345-355, 1965.

Moore, C.J., Frequency response corrections for eddy correla-
tion system. — Bound. Lay. Meteorol. 37: 17-35, 1986.

Neales, T.F.: Effect of night temperature on the assimilation of
carbon dioxide by mature pineapple plants, Ananas comosus
(L.) Merr. — Aust. J. biol. Sci. 26: 705-714, 1973.

Neales, T.F., Patterson, A.A., Hartney, V.J.: Physiological
adaptation to drought in the carbon assimilation and water
loss of xerophytes. — Nature 219: 469-472, 1968.

Neales, T.F., Sale, P.J.M., Meyer, C.P.: Carbon dioxide
assimilation by pineapple plants, Ananas comosus (L.) Merr.
II. Effects of variation of the day/night temperature regime. —
Aust. J. Plant Physiol. 7: 375-385, 1980.

Nobel, P.S., Bobich, E.: Initial net CO, uptake responses and
root growth for a CAM community placed in a closed
environment. — Ann. Bot. 90: 593-598, 2002.

Nose, A., Heima, K., Miyazato, K., Murayama, S.: Effects of
day-length on CAM type CO, and water vapour exchange in
pineapple plants. — Photosynthetica 20: 20-28, 1986.

Nose, A., Miyazato, K., Murayama, S.: Studies on matter
production in pineapple plant. II. Effects of soil moisture on
the gas exchange of pineapple plants. — Jap. J. Crop Sci. 50:
525-535, 1981.

Nose, A., Shiroma, M., Miyazato, K., Murayama, S.: Studies on
matter production in pineapple plants. 1. Effects of light
intensity in light period on the CO, exchange and CO, balan-
ce of pineapple plants. — Jap. J. Crop Sci. 46: 580-587, 1977.

Osmond, C.B.: Crassulacean acid metabolism: A curiosity in
context. — Annu. Rev. Plant Physiol. 29: 379-414, 1978.

383



J. SAN-JOSE et al.

Paulson, C.A.: The mathematical representation of wind speed
and temperature profile in the unstable surface layer. — J. appl.
Meteor. 9: 857-861, 1970.

Paw U, K.T., Baldocchi, D.D., Meyers, T.P., Wilson, K.B.:
Corrections of eddy covariance measurements incorporating
both advective effects and density fluxes. — Bound. Lay.
Meteorol. 37:17-35, 2000.

Py, C., Lacoeuilhe, J.J., Teisson, C.: L'ananas en sa Culture, ses
Produits. — G.P. Maisonneuve and Larose, Paris 1984.

Reed, K.L., Hamerly, E.R., Dinger, B.E., Jarvis, P.G.: An
analytical model for field measurement of photosynthesis. — J.
appl. Ecol. 13: 925-942, 1976.

Romero, A.C., Lopez, C., Guardian, G.R.: [Mineral nutrition of
pineapple grown in field versus production and quality of
fruit.] — Proc. trop. amer. Soc. Hortic. 17: 203-219, 1973. [In
Span.]

Ruimy, A., Jarvis, P.G., Baldocchi, D.D., Saugier, B.: CO,
fluxes over plant canopies and solar radiation: A review. —
Adv. ecol. Res. 26: 1-68, 1995.

Sale, P.J.M., Neales, T.F.: Carbon dioxide assimilation by
pineapple plants, Ananas comosus (L.) Merr. 1. Effects of
daily irradiance. — Aust. J. Plant Physiol. 7: 363-373, 1980.

San José, J.J.: Mass and energy transfer within savanna
environments. — Int. J. Wildland Fire 2: 153-160, 1992.

San José, J.J., Berrade, F., Ramirez, J.: Seasonal changes of
growth, mortality and dissapearance of belowground root
biomass in the Trachypogon savannas grass. — Oecol. Plant. 3:
347-358, 1982.

San José, J.J., Bracho, R., Montes, R., Nikonova, N.: Compa-
rative energy exchange from cowpeas (Vigna unguiculata (L.)
Walp cvs. TC-9-6 and M-28-6-6) with differences in canopy
architectures and growth durations at the Orinoco llanos. —
Agr. Forest Meteorol. 116: 197-219, 2003.

San José, J.J., Mayobre, F.: Quantitative growth relationship of
cassava (Manihot esculenta Crantz): Crop development in a
savanna wet season. — Ann. Bot. 50: 309-316, 1982.

San José, J.J., Montes, R.A.: Regional interpretation of environ-
mental gradients which influence Trachypogon savannas in
the Orinoco llanos. — Vegetatio 95: 21-32, 1991.

San José, J.J., Montes, R.A., Garcia-Miragaya, J., Orihuela, B.:
Bio-production of Trachypogon savannas in a latitudinal
cross-section of the Orinoco llanos, Venezuela. — Acta oecol.
6:25-43, 1985.

Schuepp, P.H., Leclere, M.Y., MacPherson, J.I., Desjardins,
R.L.: Footprint prediction of scalar fluxes from analytical
solutions of the diffusion equation. — Bound. Lay. Meteorol.
50: 355-373, 1990.

Sideris, C.P., Young, H.Y., Chun, H.H.: Diurnal changes and
growth rates as associated with ascorbic acid, titratable aci-
dity, carbohydrate and nitrogenous fractions in the leaves of
Ananas comosus (L.) Merr. — Plant Physiol. 23: 38-69, 1948.

Spalding, M.H., Stumpf, D.K., Ku, M.S.B., Burris, R.H,,
Edwards, G.E.: Crassulacean acid metabolism and diurnal
variations of internal CO, and O, concentrations in Sedum
praealtum DC. — Aust. J. Plant Physiol. 6: 557-567, 1979.

Szarek, S.R., Johnson, H.B., Ting, I.P.: Drought adaptation in
Opuntia basilaris. Significance of recycling carbon through
crassulacean acid metabolism. — Plant Physiol. 52: 539-541,
1973.

384

Szarek, S.R., Ting, I.P.: Seasonal patterns of acid metabolism
and gas exchange in Opuntia basilaris. — Plant Physiol. 54:
76-81, 1974.

Thom, A.S.: Momentum, mass and heat exchange of plant
communities. — In: Monteith, J.L. (ed.): Vegetation and the
Atmosphere. Vol. 1. Pp. 57-109. Academic Press, London —
New York — San Francisco 1975.

Thomas, D.S., Eamus, D.: The influence of predawn leaf water
potential on stomatal responses to atmospheric water content
at constant C; and on stem hydraulic conductance and foliar
ABA concentrations. — J. exp. Bot. 50: 243-251, 1999.

Thomas, D.S., Eamus, D., Bell, D.: Optimization theory of
stomatal behavior. I. A critical evaluation of five methods of
calculation. — J. exp. Bot. 50: 385-392, 1999.

Ting, I.P.: Crassulacean acid metabolism. — Annu. Rev. Plant
Physiol. 36: 595-622, 1985.

Ting, I.P., Gibbs, M.: Crassulacean Acid Metabolism. — Proc.
Fifth Annual Symposium in Botany. American Society of
Plant Physiologists, Rockville 1982.

Verma, S.B.: Aerodynamic resistance to transfer of heat, mass
and momentum. — In: Black, T.A., Spittlelhouse, D.L., Novak,
M.D., Price, D.T. (ed.): Estimation of Areal Evapotranspira-
tion. Pp. 13-20. International Association of Hydrological
Science, Wallingford 1989.

Villalobos, F.J.: Correction of eddy covariance water vapor flux
using additional measurements of temperature. — Agr. Forest
Meteorol. 88: 77-83, 1997.

Wilson, K., Goldstein, A., Falge, E., Aubinet, M., Baldocchi,
D., Berbigier, P., Bernhofer, C., Ceulemans, R., Dolman, H.,
Field, C., Grelle, A., Ibrom, A., Law, B.E., Kowalski, A.,
Meyers, T., Moncrieff, J., Monson, R., Oechel, W., Tenhunen,
J., Valentini, R., Shashi, V.: Energy balance closure at
FLUXNET sites. — Agr. Forest Meteorol. 113: 223-243, 2002.

Winter, K., Tenhunen, J.D.: Light-stimulated burst of carbon di-
oxide uptake following nocturnal acidification in the Crassu-
lacean acid metabolism plant Kalanchoé daigremontiana. —
Plant Physiol. 70: 1718-1722, 1982.

Yoder, R.C.: Effects of Thermoperiod on the Stomatal Opening
and Transpiration of Pineapple (Ananas comosus (L.) Merr.).
— MSec. Thesis. University of Hawaii, Honolulu 1969.

Yoder, R.C., Bartholomew, D.P.: Effects of temperature on
pineapple transpiration. — Plant Physiol. 44(Annu. Suppl.
Abstr.): 113, 1969.

Zhang, J., Bartholomew, D.P.: Simulation of pineapple growth,
development and yield. — Acta Hortic. 334: 205-219, 1993.

Zhu, J., Bartholomew, D.P., Goldstein, G.: Effect of tempera-
ture, CO,, and water stress on leaf gas exchange and biomass
accumulation of pineapple. — Acta Hortic. 425: 207-308,
1997a.

Zhu, J., Bartholomew, D.P., Goldstein, G.: Effect of elevated
carbon dioxide on the growth and physiological responses of
pineapple, a species with Crassulacean acid matabolism. — J.
amer. Soc. hortic. Sci. 122: 233-237, 1997b.

Zhu, J., Goldstein, G., Bartholomew, D.P.: Gas exchange and
carbon isotope composition of Ananas comosus in response to
elevated CO, and temperature. — Plant Cell Environ. 22: 999-
1007, 1999.



