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Abstract

Using a simple isotope mixing model, we evaluated the relative proportion of water
vapour generated by plant transpiration and by soil evaporation at two sites in the
Amazon basin. Sampling was carried out at two different soil covers (forest and pasture),
in a seasonal tropical rainforest at eastern Amazon where major deforestation is the
result of land-use change, and compared to a less seasonal central Amazon forest. In
both forests, vapour from transpiration was responsible for most, if not all, of the water
vapour generated in the forest, while it could not be detected above the grassy pastures.
Thus the canopy transpiration may be a major source of water vapour to the forest and
perhaps to the atmosphere during the dry season. The results are discussed in relation
to predictive models based on net radiation that usually are not able to distinguish
between transpiration and evaporation.
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Introduction

The Amazon basin is the world’s largest dense stand of
natural tropical rain forest, spread over an estimated area
of 6.4 million km?. The annual precipitation at the basin
averages 2200 mm per year (Salati 1986). The Atlantic
Ocean provides the main external influx of water vapour
for the Amazon basin, which is channeled to the south-
western part of the basin. Movement of vapour to the
north and west is blocked by the Andes mountains, and
there is few evidence of moisture exchange with other
regions (Salati & Nobre 1991). At the site of this blockage,
precipitation as high as 5000 mm y™' can be measured
(Salati & Vose 1984). The main sink for this large amount
of precipitation in the Amazon basin is the Amazon river.
Measurements of the mainstream discharge (estimated
to be 6 X 10'2 m® y!, Richey et al. 1986), indicate that
the river channel only discharges ™ 40% of the yearly
precipitation (Victoria et al. 1991; Salati & Marques 1984;
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Salati et al. 1979). One question that immediately comes
to mind is the destiny of the other 60% of the precipitation.
Previous studies have shown that a significant part of
this water is returned to the atmosphere by evapotranspir-
ation (Molion 1976; Villa Nova et al. 1976; Marques et al.
1977; Salati et al. 1979). Salati et al. (1979) concluded that
much of the rain water in the Amazon is recycled
following a cycle of: precipitation-soil-atmosphere—
re-precipitation. Thus evapotranspiration plays a crucial
part in this cycle. The relative importance of evaporation
and transpiration on the recycling of water in the Amazon
has been the subject of recent investigations (Gat &
Matsui 1991; Victoria et al. 1991; Martinelli et al. 1996;
Ribeiro et al. 1996). The answer to this question is
useful, since any realistic model predicting the effect of
deforestation on the water cycle should be sensitive to the
relative contribution of different sources of water vapour.

Many of the conclusions on recycling of rainfall in the
Amazon have been based on isotopic measurement of
rainfall across a longitudinal gradient (east to west),
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where previous investigators reasoned that because of
Rayleigh distillation effects, there should be a progressive
isotopic depletion of water in precipitation towards west-
erly longitudes (Dall’Olio 1976; Salati et al. 1979). This
phenomenon is commonly observed in temperate regions
and known as the continental effect (Gat 1980). Because
this depletion was not observed in the dry season for the
Amazon basin, Salati et al. (1979) postulated that there
must be a source of isotopically enriched vapour com-
pensating for the Rayleigh distillation effect. This source
could be pools of water undergoing evaporation as well
as plant transpiration (Gat & Matsui 1991; Victoria et al.
1991). In a recent evaluation, Martinelli et al. (1996) could
not find an evaporative source for this enriched vapour
based on the available isotopic data of the following
water pools: rainfall, stemflow and throughfall, lakes,
soil and river water.

In this study, with the use of stable isotopes, we attempt
to determine the relative contribution of soil evaporation
and plant transpiration to the forest ambient vapour. This
question is important because, presumably much of the
water recycling in the Amazon occurs through the mixing
of ambient forest vapour with the troposphere. The use
of stable isotopes to decipher the relative contribution of
evaporation and transpiration to ambient forest vapour
is possible, because vapour from evaporation processes
should be isotopically depleted relative to that derived
from transpiration (Gat & Matsui 1991).

Utilization of stable isotopes to interpret the source of
vapour in the forest

There are naturally occurring stable isotopes of the ele-
ments found in water: hydrogen and oxygen. These are
deuterium (D), the heavier stable isotope of hydrogen,
and oxygen-17 and - 18 (1O and '#0), the heavier stable
isotopes of the oxygen-16. For oxygen, only 180 and 'O
will be measured and discussed in this paper. Abundance
of these isotopes is expressed as deviation from a standard
in parts per thousands (%o), as expressed by the following
equation:

8 (%) = [(Rs/Ryp) — 1] - 1000, 1)

where R and Rg; are the molar ratio between the heavier
and lighter isotope of the sample and standard, respect-
ively. The Vienna-Standard Mean Ocean Water (V-
SMOW) is used as the international standard to refer to
isotope measurements reported here.

Water molecules containing any of the stable isotope
having a heavier mass will have a lower vapour pressure.
Thus, processes such as evaporation and condensation
will lead to differences in isotopic composition between
the different phases of water. The process that causes
differences in isotopic composition between different

water phases is called isotopic fractionation. For example,
isotopic fractionation between vapour and liquid water
at equilibrium with each other is mathematically
expressed as:

R|/R, = a*, 2

where R;and R, are the isotopic ratio of the liquid and
vapour phases, respectively.

Fractionation during evaporation and condensation of
water can be caused by two major processes. First, by
the isotopic equilibrium between the liquid and vapour
phase. In a closed system where saturation is reached
and both phases are at the same temperature, this is the
only process causing isotopic differences between the
vapour and liquid phase, and the vapour phase will be
depleted in heavy isotopes with respect to the liquid
phase by the factor a*. Second, in opened systems, where
part of water vapour is removed from the equilibrium
situation, a differential diffusion of heavy to light isotopes
through air increases the differences in isotopic ratios
between phases. The isotopic fractionation of this kinetic
effect is expressed here as 0y, a constant which describes
the relative ability of different molecules to diffuse
through air and the boundary layer (Flanagan et al. 1991).
Thus, these two quantifiable processes together will make
the vapour generated by evaporation depleted in heavy
isotopes relative to its liquid source. In large forest patches
lacking lakes and rivers during dry season, the soil
surface will provide the major flux of evaporated vapor.
Another major source of vapour to forest ambient would
be the vapour generated by plant transpiration. The
source of water for plant transpiration is essentially
the soil water. If vapour from plant transpiration is
isotopically distinct from vapour generated by evapora-
tion, the proportion of these two major vapour sources
to the ambient forest vapour could be established.

Soil water uptake and transport to the leaves inside
the plants was first shown to be isotopically non-fraction-
ating by Wershaw et al. (1970). In other words, the isotopic
composition of water arriving at the leaf is identical to
that of the soil. Water in the leaf however, will become
isotopically enriched because of equilibrium and kinetic
isotopic fractionation effects (Allison et al. 1985; Yakir
et al. 1989, 1990; Flanagan & Ehleringer 1991; Flanagan
et al. 1991). As discrepancies arose between experimental
and modelled isotopic values it has been hypothesized
that water undergoing evaporation in the leaf is compart-
mentalized (Yakir 1992a;b). However, it has been demon-
strated that at steady-state transpiration, when the rate
of water uptake is the same as that of the transpiring
flux, the vapour leaving the leaf from the compartment
undergoing evaporation has the same isotopic composi-
tion as that of water entering the leaf (Flanagan et al.
1991; Yakir 1992a; Fig. 1). Even for different conditions
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Fig. 1 Hypothetical graph showing the relationship between
ambient isotopic composition of vapour in the forest vs. inverse
concentration and the isotopic composition of vapour from
evaporation and transpiration. Three scenarios as discussed in
the text are shown: (1) Soil evaporation as the major source of
vapor; (2) plant transpiration as the major source, and (3) both
evaporation and transpiration as the major sources of vapour to
the forest.

and pre-treatments in chamber experiments the isotopic
value of transpired vapour was the same as the stem
water in a couple of hours (Flanagan et al. 1991; tables I
and II). Therefore, it is likely that the major sources of
water vapour (evaporation and transpiration) to the forest
ambient air would have different isotopic composition.
We expect that vapour from transpiration is isotopically
enriched relative to vapour from soil evaporation.

Isotopic identification of potential sources of vapour in
the forest in Amazon

Equation (5) of Flanagan et al. (1991) can be used to
describe the water evaporation process through a bound-
ary layer if the isotopic composition of liquid water at
the evaporating surface is known, by:

Re T (1/qk) {[(RS/G*) €s— Ra ea]/(es - ea)}r (3)

where R, is the molar ratio of heavy to light isotopes of
the vapour generated at the evaporating surface, Ry is
the molar ratio from the liquid water at the surface, and
R, is the atmospheric vapour molar ratio above the
surface. ay and o* are the kinetic isotope fractionation
factor across the boundary layer and the equilibrium
fractionation factor between vapour and liquid water,
respectively. For the kinetic isotope fractionation factor
(o) we used the value of 1.017 and 1.0189 for hydrogen
and oxygen as calculated in Kays & Crawford (1980) and
Merlivat (1978). For the equilibrium fractionation factor
we used Majoube’s equation for deriving the value o* as
a function of temperature (Majoube 1971); es and e, are
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the partial vapour pressure at the immediate vicinity of
the evaporating surface and of the atmosphere, respect-
ively. If the temperature at the surface and atmosphere
are the same, then the above equation can be simplified to:

Re = (1/ay) [(Rs/a%) = Ry 1]/ (1 = h), )

where & is the air relative humidity. Thus, the vapour
generated by evaporation from soil surface can be calcu-
lated using isotopic values for the soil surface water
and eqn (4).

Isotope values of vapour from plant transpiration can
be derived by measuring the isotope ratio of stem water.
This is possible because previous observations (Flanagan
et al. 1991; Yakir 1992a) indicate that, although the isotopic
composition of leaf water does not agree with the mod-
elled evaporative steady state value, the water vapour
leaving the leaf at steady state transpiration has the same
isotopic composition of the stem water (see fig. 1 in
both articles).

Another natural source of water vapour to the forest
air is the external atmospheric vapour. Atmospheric
vapour is mainly generated by Atlantic Ocean evapora-
tion and moves into the Amazon basin toward the West
with the equatorial Atlantic winds (Salati & Vose 1984;
Salati & Nobre 1991). We were not able to measure the
isotope composition of this pool. Previous measurements
of atmospheric vapour collected during November and
December in 1989 at coastal sites (Alcantara, Belém and
Clevelandia do Norte) showed 80 and 8D average
values in the vapour of — 10 and - 67%o., respectively,
indicating that the vapour is close to the equilibrium
with the ocean water.

Mixing model for vapour in ambient forest air

There are three major vapour sources in the forest:
atmospheric vapour from the troposphere, evaporation
from soil surface and other wet surfaces, and plant
transpiration. Determining the relative proportion of
vapour generated by plant transpiration and soil evapora-
tion in forest ambient air is the goal of this study. At a
qualitative level, if a significant amount of water vapour
comes from plant transpiration, one could expect to find
a daily variation in the isotope ratios and absolute
concentration of forest ambient vapour.

To develop a mixing equation we will consider that
ambient vapour in the forest is a mixture of two major
components: (i) forest derived vapour — such as soil
evaporation and/or plant transpiration — and (ii) atmo-
spheric vapour. The mixture of these two vapour sources
can be expressed by the equation below similar to the
one used to interpret the carbon dioxide concentration
in other studies (Keeling 1961; Sternberg 1989).
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Fig. 2 Aluminium manifold used to collect ambient forest air
vapour from different heights.

O = [AHatm (Batm — Ser)] * (1/AHE) + Ogr- ©)

This equation relates the isotope composition of the
ambient forest vapour (dp) to the independent variable
which is the inverse of the air absolute humidity inside
the forest, (1/ AHg), multiplied by the term in the brackets
composed of the atmospheric absolute vapour concentra-
tion (AH,), and the isotopic ratios of two sources of
vapour in the forest: atmospheric (3,4y,) and forest derived
vapour (dgr), and added to isotope ratio for the forest
derived vapour (dgr). There are three possible scenarios
with respect to change in isotopic composition and con-
centration of ambient forest vapour throughout the day
and location in the forest. These scenarios will plot
differently in Fig. 1. First, if soil evaporation is the
principal source of vapour to the forest, and its contribu-
tion changes diurnal or spatially, a plot of variation in
isotopic composition of forest vapour (8) on the inverse
of the vapour concentration (1/AHg) will fit well to line
1 in the Fig. 1. Second, if plant transpiration is the major
source of vapour to the forest, a plot of the variation of
Op vs. (1/AHg) will fit line 2 in the Fig. 1. Finally, on the
third scenario, if both evaporation and transpiration
contribute significant amount of vapour to the forest and
the relative contribution by these two processes varies
diurnal and spatially, the relationship between &g and (1/
AHg) would differ between day and night, and between
different heights leading to a low correlation. At night,
the data would fit closer to the scenario one indicating a
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Fig. 3 Daily variation of 380 and 8D (+ SEM) in air water

vapour at different levels above the ground (open symbols: 0

and 0.5 m average; full symbols: 18 and 45 m average), absolute

humidity, and transpiration for six plants in the understorey of

the forest at Ducke Reserve, Manaus.

mixture of mostly evaporated and atmospheric vapour
while during the day the data would spread in the
shaded area 3 in the Fig. 1. The samples taken closer to
the soil would plot on the bottom of the shaded area
whereas the closest to the canopy would be at the top of
that area. The latter scenario is probably the situation
expected in the rainy season. This model is applicable
only to situations where there is no condensation and
there are only transpiration and evaporation of a homo-
geneous body of water as the major sources of vapour
within the forest canopy.

The data obtained in this study will be used to deter-
mine which of the previous mentioned scenarios best
illustrate the generation of vapour in the forest. This is
done by measuring (i) the isotopic composition of water
in the soil surface, to derive the isotopic composition of
the vapour from evaporation; (ii) stem water, to derive
the isotopic composition of the transpired water; and (iii)
forest vapour concentration and isotopic composition to
determine whether there is a relationship between o
and (1/AHg) closely fitting: (i) line 1, indicative of soil
evaporation as a major source of vapour, (ii) line 2,
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Fig. 4 Daily variation of 8'80 and 8D (= SEM) in the air water
vapour at different levels above the ground (open symbols: 0
and 0.5 m average; full symbols: 16 m and above canopy
average), absolute humidity, and transpiration for six plants in
the understorey of the forest at Vitoria farm, Paragominas.

indicative of plant transpiration as major contributor to
the forest vapor, or (iii) a low correlation and scatter
indicating of both evaporation and transpiration as
important contributors to the forest ambient vapor.

Material and methods

Gites

Two sites were selected to reflect the climate gradient
encountered from eastern to western latitudes; in the
eastern latitudes of the Amazon basin, dryer conditions
and seasonality is more prevalent than in western
Amazon. Different forest structures are associated with
these climatic differences. At the eastern limit, we used
a site established by the Woods Hole Research Centre, in
cooperation with the Universidade Federal do Para
(UFPA) and the Empresa Brasileira de Pesquisa Agropec-
udria (EMBRAPA) called Vitoria farm. This 250 ha site is
located in Paragominas (state of Para, 2°59'S, 47°31'W),
where the major economic activities are ranching and
logging. It is characterized by drier conditions during
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the 6-month summer season with a marked drought
from June/July to November/December (< 250 mm),
compared to the annual average rainfall of 1750 mm
(Nepstad et al. 1994). An important feature of this site is
the ability of the trees to continue photosynthesis and
transpiration during the long dry summer. The forest
structure in this site is best described as an open tropical
rain forest (LAI = 5-5.5 and 300 t ha™!), with an average
height of 30 m in the undisturbed lots. Additionally we
also gathered samples in an adjacent pasture to compare
with the native forest.

The second site was chosen in collaboration with the
Instituto Nacional de Pesquisa da Amazoénia (INPA), in
Manaus (state of Amazonas, 3°8’S, 60°1’W). This is an
undisturbed site at the Ducke Reserve (10,000 ha), about
30 km north of Manaus reflecting more humid conditions
of western Amazon. Unlike Vitoria farm, this site has an
annual average rainfall close to 2000 mm and little
seasonality. The forest in this site is characterized by a
closed canopy forest (LAI = 6.1 and 730 t ha™!) with a
permanently wet and well-developed understorey, and a
35 m-tall canopy. The experiment was set up next to
a 45 m-high tower for meteorological data collection
previously used for other studies (Shuttleworth et al.
1984), where a vertical profile of the forest could be
sampled from ground up to 10 m above to canopy.
Sampling at the Ducke Reserve site was carried out on
25 October and at Vitoria farm site on 4 November at
the end of the 1994 summer season, when the rain is less
abundant. The pasture sampling was done on 5 Nov-
ember 1994.

Collection of samples

Air Water Vapour. The apparatus used to collect air
samples at various heights in the forest is shown in Fig. 2.
It consists of a metallic manifold with: an outlet where
polypropylene hoses leading to different heights in the
forest were attached; an outlet with a stopcock where a
12 V pneumatic pump pulls the air through a Vaisala
humidity probe inserted through another outlet; two
ports for CO, analysis; and an outlet to attach the gas
collection flasks. All attachments to the manifold were of
Cajon type and airtight.

Collection at any particular height consisted of pump-
ing air through the manifold for several seconds until
the humidity probe read a constant relative humidity
and temperature after which the stopcock leading to
the suction pump was closed. The stopcock to the gas
collection flask was then opened and the air allowed to
equilibrate for 10 s whereupon the relative humidity and
temperature were read and stopcock of the collection
flask was closed. Samples in the collection flasks were
taken to University of Miami for isotopic analysis. This
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Table 1 5'%0 and 8D (+ SD) for soil surface water, estimated values of 3'%0 and 8D (+ SD) for vapour from soil evaporation and
averages 8'80 and 8D (= SD) for plant stem water in each site. The values of vapour generated by evaporation were calculated with
eqn (4) using the soil surface water isotopic values as the liquid source. The plant averages were done over three replicates for each
of six species listed in the methods in the forest. The average for P. maximum was used in the pasture (n = 5).

Vapour generated by Soil
evaporation 8'%0/8D (+ SD)

Site Soil surface

Vapour generated by*
Steady state transpiration
5180/8D (+ SD)

-19 £ 0.1/-14.0 = 04
-03+01/-32*07
1.0 +1.0/-35 =14

Ducke Forest
Vitoria Forest
Vitoria Pasture

-36 = 1/-227 =3
-228 = 0.7/-126 £ 5
-20 = 7/-140 * 46

-31*£03/20=x3
-32*+05/-27*x2
-34+£10/21%6

*The same value of plant stem water under steady-state transpiration.

type of procedure was used to collect samples at a few
mm above the forest floor, 0.5 and 16 (Vitoria farm) and
18 (Ducke Reserve) m above the ground. Collection of
samples above the canopy was done manually on top of
a 45 m-tower at Ducke Reserve and on a 14 m-wooden
tower in the pasture, and by a tethered balloon in the
pasture and forest at the Vitoria farm. The heights for
the tethered balloon samples were variable according to
the wind speed and site: from 10 to 35 m above ground
in the pasture and, from 20 to 50 m in the forest. The
latter method involved a styrofoam box with a gas
collection flask connected to a solenoid valve activated
by a timer. This styrofoam box was attached to a helium-
filled balloon which was raised to the desired altitude.
The timer was programmed to open 5 min after activation,
remaining open for one minute and closing after that.
For balloon samples HOBO micro-dataloggers (Onset
Computers Inc.) recorded the air temperature and relative
humidity in the styrofoam box during the air sampling.
A portable humidity/temperature Vaisala probe was
used on the top of the tower, in the Ducke Reserve. In
addition, a simple anemometer attached to a data logger
was also used to record the wind speed variation at
both sites about 10 m above the canopy. Sampling was
scheduled at approximately midnight, 05:00, 10:00, 14:00
and 19:00 hours. In the pasture we only collected samples
at 14:00 and 19:00 hours.

Plant tissue and soil. Wood stems from six species — three
individuals per species — were cut to extract their water
for isotopic analysis. The following species were sampled
in the Ducke Reserve: Cipé de Fogo (Davilla sp.), Cip6
Titica (Heferopsis aff. spruceana Schott), Castanha Jacaré
(Corithophora rimosa Rodr.), Cardeiro (Scleronema micran-
tum Ducke), Breu (Protium sp.), and Acariquara Roxa
(Minquartia guianensis Aubl.). At the Vitoria farm, the
following species were taken from the primary forest:
Escada de Jaboti (Bauhinia guianensis), Vine (Memora
sp.), Taxi Preto (Tachigalia paniculata Aubl.), Tacacazeiro
(Sterculia pruriens (Aubl.) K.Schum), Jatereu (Lecythis idati-

mon Aubl.), and Quariquarana (Rinorea guianensis Aubl.);
and five replicates of main pasture species (Panicum
maximum Jacq. and Solanun crinitum Lamb.) were also
taken. Three replicates of surface soil samples were
collected at both sites. Plant and soil samples were
stored in screw-cap culture tubes and further sealed with
Parafilm to prevent water loss during air transport. These
samples were taken to the University of Miami Biology
Department where water was extracted by vacuum distil-
lation.

Laboratory analysis

We determined the 880 values of the water vapour
by a modification of the micro-equilibration method
developed by Kishima & Sakai (1980). Water vapour from
flasks was quantitatively transferred to small break-seal
glass vessels together with a known amount
(30 ™ 60 pmols) of carbon dioxide (CO,) with a known
isotopic composition. The vessel volumes average 0.4 cm?
so that the average internal pressure is 1.5-2 ATM. After
sealing of the vessels, equilibrium was established in
three days at a constant temperature (25 °C). Equilibration
vessels were broken under vacuum, where CO, was
cryogenically separated from the water and sealed in
ampoules for mass spectrometry. The water from the
vapour sample was then reduced to gaseous hydrogen
over hot uranium in the same line, and the gas sealed
for mass spectrometry (Bigeleisen et al. 1952).

Plant tissue and soil water samples were analysed by
the same indirect process of CO, equilibration using the
method developed by Epstein & Mayeda (1953). After
two days in equilibrium with 1 mL of sample, the CO,
is separated and analysed in the mass spectrometer.
Hydrogen isotopic analysis of plant and soil water
samples were done as in Bigeleisen ef al. (1952). All
isotope ratios were determined in a Prism mass spectro-
meter (Phison Ind) with a precision of = 0.1%. for oxygen
and = 1%. for hydrogen isotope ratios.

© 1997 Blackwell Science Ltd., Global Change Biology, 3, 439450
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Fig. 5 Relationship between 380 (a) and 8D (b) of ambient
vapour at different levels above the ground and the inverse of
the absolute humidity at Ducke Reserve, Manaus. The slope and
intercept of the regression equations are shown in Table 2; open
symbols represent samples collected at 0 and 0.5 m above the
ground; full symbols represent samples collected at 18 and
45 m above the ground. Samples collected during the day are
represented by circles and those collected at night are represented
by stars. Correlations for upper elevation (full symbols) are
significant and the theoretical regression lines are shown.
Correlations for lower elevation (open symbols) are not
significant. The arrow’s vertical bars represent the standard error
of the means of the isotopic values.

Plant sap flow

Sap flow for some of the subcanopy plants was measured
with the Dynamax Flow32 (Baker & Nieber 1989). Trans-
piration rates were recorded during the entire sampling
day for six plants. The species selected for transpiration
measurements at the Ducke Reserve site were: Protium
apiculatum Swartz, Heteropsis aff. spruceana Schott, an
unidentified species of the Anonaceae family and also
one of the Violaceae, Sterculia pruriens (Aubl.) K. Schum.,
and Siparuna sp. At the Vitoria farm site the six plants
were: two individuals of Tachigalia paniculata Aubl.,
Memora sp., and two other not yet identified species
(known by the common name of Capoteiro and Arataciur-
ana). Sap flow was measured to determine whether
change in isotopic composition of vapour was correlated
with the period of transpiration.
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Fig. 6 Relationship between 380 (a) and 3D (b) of ambient
vapour at different levels above the ground and the inverse of
the absolute humidity at Vitoria farm, Paragominas. The slope
and intercept of the regression equations are shown in Table 2;
open symbols represent samples collected at 0 and 0.5 m above
the ground; full symbols represent samples collected at 16 m
above the ground and above canopy using the tethered balloon.
Samples collected during the day are represented by circles and
those collected at night are represented by stars. Correlations
for lower elevation (open symbols) are significant and the
theoretical regression lines are shown. Correlations for upper
elevation (full symbols) are not significant. The arrow’s vertical
bars represent the standard error of the means of the isotopic
values.

Results

The average (= SEM) 3'80 and 8D values of forest vapour
close to the ground (1 and 50 cm above ground), referred
to hereafter as lower level, and at canopy level (16 m
and the balloon height at Vitoria farm; 18 and 45 m at
Ducke Reserve), hereafter referred to as upper level, their
absolute humidity, and transpiration rate throughout the
sampling period for Ducke Reserve and Vitoria farm are
shown in Fig. 3 and Fig. 4, respectively. There was an
increase in the isotopic composition of vapour concomit-
ant with an increase in absolute humidity and transpir-
ation for the samples taken at the Ducke Reserve at both
lower and upper levels of the forest. A concomitant
increase in vapour isotopic composition and absolute
humidity with transpiration was observed only at the
lower level of the forest at the Vitoria farm site. Isotopic
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Table 2 Location, slope and intercept of the regression lines between 8D or 5'%0 values of ambient water vapour and the inverse of
its concentration at upper and lower elevations at each site, significance of correlation, calculated isotopic composition of vapour
derived from soil evaporation, and isotopic composition of vapour derived from steady state (ss) transpiration.

Location/Level/ Vapour from soil Vapour from ss
Isotope Slope + SEM Intercept = SEM P evaporation * SD transpiration * SD
Ducke Reserve
Upper
D -395 + 155 -44.6 = 7.7 < 0.05 -227 £ 3 20 £ 3
180 124 + 21 3.6 = 1.0 < 0.01 36 = 1 31 =03
Lower
D -395 + 210 —47.1 +9.2 > 0.10 227 + 3 20 £ 3
180 ~124 *+ 60 44 +23 > 0.10 36 = 1 -31*03
Vitoria farm
Forest
Upper
D -73 + 244 -67.1 = 12.2 > 0.10 -126 £ 5 27 £ 2
180 -6 + 88 -10.2 + 4.4 > 0.10 228 + 0.7 32*05
Lower
D -1110 * 305 -16.8 = 14.8 < 0.01 -126 £ 5 27 £ 2
180 72 £ 26 6.6 + 1.3 <0.05 228 +0.7 32*05
Pasture
Upper
D 2628 + 555 -207 *+ 29 < 0.01 -140 + 46 21 *6
180 40 + 36 12+ 2 > 0.25 20 +7 34 *10
Lower
D -781 + 84 28 + 4 < 0.01 -140 =+ 46 21 *6
180 12 + 33 -10 £ 2 > 0.25 20=+7 34*10

composition and absolute humidity stayed relatively
constant throughout the day at the upper levels of the
forest in that site. All transpiration measurements were
taken on saplings below the canopy level and thus we
probably underestimated the amount of transpiration
taking place in the forest. At Vitoria farm one of the
sensors was in a vine which showed relatively high
transpiration values, probably because much of the vine
evaporative surface was exposed to direct solar radiation
at the canopy level.

The isotope values for water at the soil surface, vapour
generated by evaporation of soil surface water as calcu-
lated in eqn (4), and plant stem water at the Ducke
Reserve site and at both forest and pasture at the Vitoria
farm site are shown in Table 1. Note that average 8'80
values of plant water collected at Ducke Reserve and at
Vitoria farm do not differ, but the isotopic compositions
of their soil surfaces do, suggesting that plant water
uptake is deeper than the surface level. The average 580
and 8D values for soil surface water are lower at Ducke
Reserve than at both locations at the Vitoria farm site. At
the Vitoria farm site soil surface moisture was more
enriched in heavy isotopes in the pasture than in the
forest. This pattern could be consistent with the longer
drought season in the eastern Amazon. The isotopic
values of the surface soil water are progressively enriched

as the soil moisture decreases by water loss through
evaporation, making Ry higher in eqn (4). Thus vapour
generated by evaporation in the pastures should be
isotopically enriched relative to that generated in the
forest. 8D values of stem water from forest plants at
Vitoria farm were significantly lower from pasture plants
at Vitoria farm and from forest plants at Ducke Reserve.

Figures 5, 6, and 7 show the relationship between dD
and 80 values of ambient vapour and the inverse of
its absolute humidity at Ducke Reserve, Vitoria farm
forest, and Vitoria farm pasture, respectively. Only signi-
ficant regression lines are shown in figures.

Table 2 shows the mathematical treatment for data
shown on Figs 5, 6, and 7 including the slope and
intercept of the regression equations between 8D and &'80
values of vapour and the inverse of absolute humidity at
all sites studied here. Table 2 also shows the significance
of the regression equations, and calculated 8D and 3180
values of vapour generated from evaporation and trans-
piration.

Discussion

Table 1 shows the isotopic values for the two likely major
sources for the forest vapour during the dry season. No
direct evaporation was expected from any wet surface in
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Fig. 7 Relationship between 380 (a) and 3D (b) at different
levels above the ground and the inverse of the air absolute
humidity in the pasture at Vitoria farm, Paragominas. The slope
and intercept of the regression equations are shown in Table 2;
open symbols represent samples collected at 0 and 0.5 m above
the ground; full symbols represent samples collected above the
canopy using the tethered balloon and the 14 m high tower.
Correlations for 8D values are significant and the theoretical
regression lines are shown. The arrow’s vertical bars represent
the standard error of the means of the isotopic values.

the canopy at that time. The closest open water body
that could generate water vapour by evaporation is a
creek which is at least 1 km away. Thus, the two sources
for the water vapour would be direct soil evaporation
and plant transpiration. The isotopic values of vapour
generated by soil evaporation were calculated using the
isotopic values of soil surface water (eqn 4). The isotopic
values of plant stem water, which were taken after two
hours of steady-state transpiration, were used as isotopic
values of vapour generated via plant transpiration.
Vapour generated by plant transpiration is isotopically
enriched relative to that generated by soil evaporation;
the data in Table 1 corroborate this idea. The diurnal
isotopic enrichment of water vapour in the forest vapour
concomitant with the increase in transpiration (Figs 3 and
4) is evidence that transpiration contributes a significant
amount of vapour to the forest ambient air. There was,
however, a slight lag period between isotopic enrichment
and transpiration in both sites. Peak isotopic values were
encountered when transpiration began to decrease. Two
explanations are possible regarding this lag period. The

© 1997 Blackwell Science Ltd., Global Change Biology, 3, 439—450

WATER RECYCLING IN THE AMAZON 447

first relates to the fact that transpiration rates were
measured at an instantaneous basis, whereas isotopic
measurements of forest ambient vapour will, to some
extent, record the accumulation of vapour generated
by plant transpiration throughout the day. The second
explanation is that isotopic composition of transpired
vapour may take some time to reach steady-state values
(Flanagan et al. 1991), and before this time the vapour
added to the forest ambient will be isotopically depleted
relative to the steady state, being isotopically closer to
the soil evaporation.

The relationship between isotopic values of vapour
samples (dp) vs. the inverse of the vapour concentration
(1/AHg), and isotopic composition of transpired (dr) and
evaporated vapour (8g) for Ducke Reserve, and forest
and pasture at the Vitoria farm site are shown in Figs 5,
6, and 7, respectively. The regression line parameters for
the relationship between &g vs. 1/AHp, according to the
previously discussed mixing model, are shown on Table
2 for both sites. Significant correlation between isotopic
values and inverse of vapour concentration was only
observed for upper elevation samples in the Ducke
Reserve and lower elevation samples from the Vitoria
farm forests. With the exception of the pasture samples, it
can be seen that these regressions extrapolate to intercepts
that are very close to that expected if transpiration was
the sole source of vapour input to the forest ambient air.
Even the samples that did not give a significant regression
are very close to the regression lines (Figs 5 and 6).
Thus, generation of vapour in forests most closely fits
the second scenario: transpiration is the major source of
vapour for the forest ambient vapour. Lack of a significant
correlation between & and 1/AHg at the lower level for
samples from the Ducke Reserve was probably caused
by some evaporation from moist surfaces found through-
out the year at this site (compare absolute humidity in
Fig. 3 and 4). At the Vitoria farm site, where the forest
floor was relatively dry, a significant correlation between
isotopic composition and inverse of vapour concentration
was observed. At the upper level of the Vitoria farm
site, however, no correlation was observed. This lack of
correlation may be due to the high winds present at this
site (on average 2.2 vs. 1.2 m s7! at Ducke Reserve, with
peaks of 3.3 and 1.6 m st respectively), causing a low
range in isotopic and vapour concentration values. The
relatively strong turbulence in this open forest rapidly
mixed forest-generated vapour with the tropospheric
pool and prevented any build up of vapour in the
forest canopy.

No significant correlation was observed between &30
values and inverse vapour concentration for pasture
samples, but significant regressions were observed for
both upper and lower elevations between 8D values and
inverse vapour concentration. Although the number of
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samples taken at the pasture was low, it indicates that
transpiration contributes little to the ambient vapour at
upper elevation in the pasture. During the dry season
the conditions at pasture were so dry that two scenarios
were found according to different heights: at lower
level plant transpiration seems to determine the isotopic
variation of the vapour while at upper level this effect
has vanished. The third scenario would indeed be the
situation during the rainy season in the pasture as the
data should fit the shaded area 3. Nepstad et al. (1994)
have shown that pasture leaf area promptly recovers
from the dry season as the rain returns, quickly trans-
porting water from the shallower soil layer to the atmo-
sphere. Under the forest canopy, however, it is likely that
transpiration will increase more than evaporation during
the rainy season, moving up the data in area 3, and
eventually becaming closer to scenario 2.

Our observations on diel isotopic variation of ambient
forest vapour are similar to Ribeiro et al. (1996) in that
during the day, when transpiration was occurring the 6D
and 8'80 values of ambient vapour and absolute humidity
increased. Ribeiro et al. (1996) found that 3D and 880 of
vapour, and absolute humidity decreased during the
night and ascribed this decrease to condensation pro-
cesses. Our results differ in that we did not find a decrease
in 8D and &'30 values and absolute humidity of ambient
vapour throughout the night. A possible reason for the
differences in results is that our sampling period was at
the end of the dry season, while for Ribeiro et al. (1996),
the sampling was done during the wet season.

The intercepts of the regression lines at Ducke Reserve
and Vitoria farm show a high transpiration contribution
for the forest vapour, suggesting that this source plays
an important role in the water cycle of both regions
throughout the dry season. Furthermore, the measure-
ments in the pasture, where much of the compact plant
cover is removed, show that transpiration plays a minor
role in contributing to the ambient vapour at upper levels,
although more samples will be necessary to confirm this
observation. These results should serve to emphasize the
importance of plant cover in the water cycling at these
sites, as predicted by Salati et al. (1979) and Victoria
et al. (1991) based on isotopic behaviour of water from
precipitation throughout the basin. On the other hand, Gat
& Matsui (1991) predicted the existence of an evaporative
water source contributing up to 20-40% of the evapotran-
spirative flux. There is a need to find such a source, but
this study could not find ambient forest vapour derived
by evaporation of pools such as soil surface or other wet
surface, and thus this pool is not likely to be found in
the forest. Early attempts to find this evaporative pool
by using stable isotope measurements of lakes, rivers, etc.
were also unsuccessful (Martinelli et al. 1996). Previous
models which attempt to predict the effects of deforesta-

tion did not distinguish between evaporation and trans-
piration and thus used a single equation to predict
evapotranspiration (Pereira 1973). Our results indicate
that these models are not applicable. Transpiration is the
major source of vapour leaving the forest and thus, as
several models predict (Dickinson & Henderson-Sellers
1988; Shukla et al. 1990; Nobre et al. 1991), deforestation
will lead to reduced precipitation throughout the basin.

Conclusions

Isotopic analysis of water vapour and its concentration
allowed this first comparison between vapour in the
ambient forest air and isotopic ratios of potential vapour
sources. The mixing model developed here was utilized
to qualitatively access the proportion of vapour generated
by transpiration and that generated by evaporation. Our
findings indicate that ambient forest vapour is mostly, if
not completely, generated by plant transpiration. This
high proportion of vapour generated by transpiration
occurs both in an aseasonal wet forest, represented by
the Ducke Reserve site, and in a seasonal dry forest,
represented by the Vitoria farm during the dry season.
The implication of these findings is important because,
presumably much of the water recycling in the Amazon
occurs by the input of forest vapour to the troposphere.
At Vitoria pasture it was observed that transpiration may
not be a major source of input above the canopy. Although
more sampling will be necessary for a better understand-
ing of the processes responsible for the formation of
forest and pasture vapour, our preliminary findings are
consistent with the biological water pump suggested by
several previous authors (Araguds-Araguas et al. 1995).
Thus, it indicates that deforestation could cause a dryness
of the system by removing this biological water pump.
This preliminary collection was made at the end of
the dry season to evaluate extreme conditions. A more
extensive sampling is underway to study these processes
from the end of the rainy season throughout the following
dry season.

Acknowledgements

We thank the Instituto Nacional de Pesquisa da Amazonia
(INPA) and the Woods Hole Research Centre for the field
assistance and facilities. We acknowledge the financial support
provided by NSF grant No. DEB 9315697 to L. Sternberg. This
is the contribution No. 552 of the Tropical Biology Program of
the Department of Biology, University of Miami.

References

Allison GB, Gat JR, Leaney FW] (1985) The relationship between
deuterium and oxygen-18 delta values in leaf water. Chemical
Geology (Isotope Geoscience Section), 58, 145-156.

© 1997 Blackwell Science Ltd., Global Change Biology, 3, 439450



Araguas-Araguds L, Rozanski K, Plata Bedmar A, Tundis Vital
AR, Tancredi AC, Franken W (1995) Changes of soil balance
due to forest clearing in the central Amazon region. In:
Solutions’ 95, Managing the Effects of Man's Activities on
Groundwater, International Association of Hydrology
International Congress XXVI, June 4-10, Edmonton, Canada.

Baker JM, Nieber JL (1989) An analysis of the steady-state heat
balance method for measuring sap flow in plant. Agricultural
and Forest Meteorology, 48, 93-109.

Bigeleisen ], Perlman ML, Prosser HC (1952) Conversion of
hydrogenic materials to hydrogen for isotopic analysis.
Analytical Chemistry, 24, 1356-1357.

Dall’Olio A (1976) A composigio isotdpica das precipitagdes do Brasil:
modelos isotérmicos e a influéncia da evapotranspiragio na bacia
Amazonica. M.S. thesis, University of Sdao Paulo, Piracicaba,
Brazil.

Dickinson RE, Henderson-Sellers A (1988) Modeling tropical
deforestation: A study of GCM land-surface
parameterizations. Quarterly Journal of the Royal Meteorological
Society, 114, 439—-462.

Epstein S, Mayeda T (1953) Variations of 80 content of water
from natural sources. Geochimica et Cosmochimica Acta, 42,
213-224.

Flanagan LB, Ehleringer JR (1991) Stable isotope composition of
stem and leaf water: applications to the study of plant water
use. Functional Ecology, 5, 270-277.

Flanagan LB, Comstock JP, Ehleringer JR (1991) Composition of
modeled and observed environmental influences on the
stable oxygen and hydrogen isotope composition of leaf
water in Phaseolus vulgaris L. Plant Physiology, 96, 588-596.

Gat JR, Matsui E (1991) Atmospheric water balance in the
Amazon basin: an isotopic evapotranspiration model. Journal
of Geophysical Research, 96, 13179-13188.

Gat JR (1980) The isotopes of hydrogen and oxygen in
precipitation. In: Handbook of Environmental Chemistry (eds
Fritz P, Fontes Jch), Vol. 1, pp. 2144, Elsevier, Amsterdam.

Kays WM, Crawford ME (1980) Convective Heat and Mass Transfer.
McGraw-Hill, New York.

Keeling CD (1961) The concentration and isotopic abundances
of carbon dioxide in rural and marine air. Geochimica et
Cosmochimica Acta, 24, 277-298.

Kishima N, Sakai H (1980) Oxygen-18 and deuterium
determination on a single water sample of a few milligrams.
Analytical Chemistry, 52, 356-358.

Majoube M (1971) Fractionnement en oxygene 18 et en deuterium
entre 'eau et sa vapeur. Journal of Chemistry and Physic, 68,
1423-1436.

Marques J, Santos JM, Villa Nova NA, Salati E (1977) Precipitable
water and water vapor flux between Belém and Manaus.
Acta Amazobnica, 7, 355-362.

Martinelli LA, Victoria RL, Ribeiro A, Moreira MZ, Sternberg L
da SL (1996) Search of sources of evaporated water to the
atmosphere in the Amazon basin by using stable isotopes.
Journal of Hydrology, 183, 191-204.

Merlivat L (1978) Molecular difusivities of H,'80 in gases. Journal
of Chemistry and Physics, 69, 2864-2871.

Molion LCB (1976) A climatonomic study of the energy and
moisture fluxes of the Amazon basin with consideration to

© 1997 Blackwell Science Ltd., Global Change Biology, 3, 439—450

WATER RECYCLING IN THE AMAZON 449

deforestation effects. PhD thesis, University of Wisconsin,
132 pp.

Nepstad DC, Carvalho CR, Davidson EA, Jipp PH, Lefebvre PA,
Negreiros GH, Silva ED, Stone TA, Trumbore SE, Vieira S
(1994) The role of deep roots in the hydrological and carbon
cycles of Amazonian forests and pastures. Nature, 372, 666—
669.

Nobre CA, Sellers PJ, Shukla J (1991) Amazonian deforestation
and regional climate variability: 1903-1985. Journal of Climate,
4, 957-988.

Pereira HC (1973) Land Use and Water Resources. Cambridge
University Press, London, 246 pp.

Ribeiro A, Victoria RL, Martinelli LA, Moreira MZ, Roberts ]
(1996) The isotopic composition of the atmospheric water
vapor inside a canopy in the Amazon forest: vertical and
diurnal variation. In: Amazonian Deforestation and Climate (eds
Gash JHC, Nobre CA, Roberts JM, Victoria RL), pp. 163-173.
John Wiley, Chichester.

Richey JE, Meade RH, Salati E, DeVol. AH, Nordin CF, Santos
U (1986) Water discharge and suspended sediment
concentrations in Amazon river, 1982-1984. Water Resources
Research, 22, 756-764.

Salati E (1986) Climatology and hydrology of Amazonia. In:
Amazonia (eds Prance GT, Lovejoy TM), pp. 267-276.
Pergamon Press, Oxford.

Salati E, Nobre CA (1991) Possible climatic impacts of tropical
deforestation. Climatic Change, 19, 177-196.

Salati E, Vose PB (1984) Amazon basin: a system in equilibrium.
Science, 225, 129-138.

Salati E, Marques ] (1984) Climatology of the Amazon region.
In: The Amazon: Limnology and landscape ecology of a mighty
tropical river and its basin (ed. Sioli H), pp. 85-126. W Junk,
Dordrecht.

Salati E, Dall’Olio A, Matsui E, Gat JR (1979) Recycling of water
in the Amazon basin: an isotopic study. Water Resources
Research, 15, 1250-1258.

Shukla J, Nobre CA, Sellers PJ (1990) Amazon deforestation and
climate change. Science, 247, 1322-1325.

Shuttleworth WJ, Gash JHC, Lloyd CR, Moore CJ, Roberts ],
Marques AO, Fish G, Silva VP, Ribeiro MNG, Molion LB, Sa
LDA, Nobre CA, Cabral OMR, Patel S, Moraes JC (1984) Eddy
correlation measurements of energy partition for Amazonian
forest. Quarterly Journal of the Royal Meteorological Society, 110,
1163-1169.

Sternberg L da SL (1989) A model to estimate carbon dioxide
recycling in forests using '3C/12C ratios and concentrations
of ambient carbon dioxide. Agricultural and Forest Meteorology,
48, 163-173.

Victoria RL, Martinelli LA, Mortatti J, Richey JR (1991)
Mechanisms of water recycling in the Amazon basin: isotopic
insights. Ambio, 20, 384-387.

Villa Nova NA, Salati E, Matsui E (1976) Estimativa da
evapotranspiracio na bacia Amazoénica. Acta Amazobnica, 6,
215-228.

Wershaw RL, Friedman I, Heller SJ, Frank PA (1970) Hydrogen
isotopic fractionation of water passing through trees. In:
Advanced in Organic Geochemistry (ed. Hobson GD), pp. 55—
67. Pergamon Press, Oxford.



450 M. Z. MOREIRA et al.

Yakir D (1992a) Water compartmentation in plant tissue: isotopic signals transduced by plants. Geochimica et Cosmochimica Acta,
evidence. In: Water and Life (eds Somero SGN, Osmond CB 53, 2769-2773.
and Bolis CL), pp. 205-222. Springer, Berlin. Yakir D, DeNiro MJ, Gat JR (1990) Natural deuterium and
Yakir D (1992b) Variation in the natural abundance of oxygen- oxygen-18 enrichment in leaf water of cotton plants grown
18 and deuterium in plant carbohydrates. Plant, Cell and under wet and dry conditions: evidence for water
Environment, 15, 1005-1020. compartmentation and its dynamics. Plant, Cell and
Yakir D, DeNiro MJ, Rundel PW (1989) Isotopic inhomogeneity Environment, 13, 49-56.

of leaf water: evidence and implications for the use of isotopic

© 1997 Blackwell Science Ltd., Global Change Biology, 3, 439450



