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Interactions between the biosphere and the atmosphere have profound impacts on the
functioning of the Earth system. One of the most important areas of biosphere-atmosphere
interaction is the Amazon basin, which plays a key role in the global cycles of carbon, water
and energy. The Amazon is vulnerable to climatic change, with increasingly hot and dry
conditions expected over the next 50-100 years in some models. The resulting loss of carbon
from the Amazon basin has been suggested as a potentially large positive feedback in the
climate system We investigated the differences in atmospheric demand and soil water
availability between two sites; Manaus, in central Amazonia, where evapotranspiration was
limited in the dry season, and Caxiuand in eastern Amazonia, where it was not. New soil
hydraulic data including water release and unsaturated hydraulic conductivity curves were
collected at Caxiaund using the instantaneous profile method (IPM), pressure plate analysis
and tension infiltrometry. These data were compared to existing data from Manaus. The
plant available soil water at the Caxiuana site was 2.1-3.4 times larger than the Manaus site.
The hydraulic conductivity curves indicated the existence of a secondary macropore
structure at very low tensions (—0.05 kPa to —1 kPa), potentially caused by biogenic macro-
pores, but did not vary with respect to soil water potential between sites. In addition,
differences in the climatic severity of the dry season were estimated. The maximum soil
water deficit, projected using a simple model of forest water use, was similar between the
sites. No difference in climatic severity between sites was found and we conclude that
below-ground supply of water, rather than climatic differences, were likely to have caused
the contrasting dry season behaviour at the two sites. These findings indicate that, in
combination with other factors, heterogeneity in soil water retention capacity may exert
strong controls on the spatial variation in forest responses to climatic change.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction feedback between the biosphere and atmosphere is likely to be
positive, and to add between 20 and 200 ppm to atmospheric
Recent analyses using coupled climate and carbon cycle CO, concentrations by 2100 (Friedlingstein et al., 2006; Salazar

models indicate that during the next 100 years, the net et al., 2007). The majority of model simulations predicted a
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major decline in land carbon storage, located in tropical
forests and the Amazon basin in particular, which leads to an
increased accumulation of carbon dioxide in the atmosphere.
The recently published fourth IPCC assessment report (Figure
SPM7. IPCC, 2007) suggests that, over large areas of Southern
and Eastern Amazonia, more than 90% of GCM model
predictions agree that dry season rainfall will decline by 10-
30%. In Northern and Central areas, there is no agreement
between GCMs and in Western Amazonia, a slight increase in
precipitation rates is predicted. In addition, increases in
temperature are uniformly predicted to rise across the whole
region. Understanding the interaction between the drying
climate and forest carbon dioxide exchange in Amazonia is
therefore of fundamental importance to the prediction of
future biosphere-atmosphere feedback in the climate system
(Huntingford et al., 2004; Werth and Avissar, 2004).

At present, many of the forests of Southern and Eastern
Amazonia experience, on average, a dry season exceeding
three months, where rainfall is less than 3mm day’
(Sombroek, 2001). High temperatures and radiation create
an evaporative demand in the Amazonian region that is
typically 3-4 mm day~* (Malhi et al., 2002; Werth and Avissar,
2004; Cox et al., 2004; Huntingford et al., 2004). This means
that, during the dry season, plants must utilize water stored in
soils to supply evapotranspiration at a rate which is unlimited
by water availability (Nepstad et al., 1994; Hodnett et al., 1996).
Despite this long dry season, it is not yet clear to what extent
the evapotranspiration of contemporary Amazonian rain-
forests is limited by water availability. Most ecosystem models
of Amazonian evapotranspiration predict very large reduc-
tions in water use during the dry season (Tian et al.,, 1998;
Potter et al., 2001; Werth and Avissar, 2004). In contrast to
these model expectations, recent Earth observation data have
suggested that Amazonian ecosystems can be observed to
‘green-up’ during the dry season (Huete et al., 2006) and even
during the recent 2005 El Nind event (Saleska et al., 2007).
However, it is not clear whether these data represent changes
inleaf area or in the observed chlorophyll content of the visible
leaves, and how they might relate to changes in photosyn-
thetic rates. Furthermore, existing evidence of forest evapo-
transpiration from micrometeorological eddy covariance
measurements at six locations show contrasting results. At
five locations, no evidence of hydraulic limitation of evapo-
transpiration has been measured (Grace et al.,, 1996; Araujo
et al., 2002; Carswell et al., 2002; Saleska et al., 2003; da Rocha
etal., 2004; Goulden et al., 2004). At one site, Manaus, in central
Amazonia, the observed evapotranspiration declined by up to
50% in response to low soil moisture during the 1995-96 dry
season (Williams et al., 1998; Malhi et al., 1998, 2002). Because
these data are the only data where a reduction in gas exchange
in the dry season has been observed, they have been used for
calibration of global models of gas exchange (Harris et al.,
2004) and used to make predictions concerning the rate of
Amazon die-back (Huntingford et al., 2004). However, the
cause of the different responses to rainfall seasonality
between sites is unknown, and therefore the likely spatial
and temporal extent of these different modes of behaviour
cannot be estimated.

In this paper, we investigated two possible explanations for
the differences in dry season evapotranspiration between the

Manaus site and a site at Caxiuan, in Eastern Amazonia. The
Caxiuana site is of interest as dry season evapotranspiration
appears to not be limited by soil moisture deficits, as
demonstrated by eddy covariance data (Carswell et al.,
2002), leaf hydraulics data (Fisher et al., 2006) and sap flow
measurements (Fisher et al., 2007). At the Manaus site, soil
hydraulics data (Tomasella and Hodnett, 1996) and evapo-
transpiration data (Malhi et al., 1998) have previously been
collected and are used here for comparison.

First, rainfall patterns and atmospheric demand at Cax-
iaund and Manaus were analysed to detect whether climatic
differences between the sites could account for the differences
in dry season evapotranspiration behaviour. Simple models of
potential evapotranspiration and of soil water deficit were
constructed - to estimate how much water must be supplied
by the soil to allow unrestricted evapotranspiration to
continue - under the different climate regimes. The use of a
model allowed comparisons to be made between the climatic
regimes in different sites and for different years.

Secondly, the soil water storage capacity was compared
between the two sites. The amount of water which is available
for evapotranspiration during a dry season depends funda-
mentally on the amount of water stored in the soil that is
available to plants. Total soil water availability depends upon
the volume of soil accessed by roots, and upon the amount of
water available to plants per unit volume of accessed soil (the
water holding capacity). The latter is a function both of plant
rooting density and the soil hydraulic properties, both of
which will vary with depth (Sperry et al., 1998). The soil
hydraulic properties of relevance are the water retention
capacity of the soil (how much water is held above the
threshold for plant extraction) and the unsaturated hydraulic
conductivity, which determines the rate of movement from
the soil matrix to the root surface. Both water retention and
soil hydraulic conductivity data are presented in this paper.
The hydraulic conductivity data presented here are only the
second published set of unsaturated hydraulic conductivity
data for Amazonian soils. To allow the use of these soil
properties in dynamic models of soil water movement, the
parameters of the van Genuchten soil hydraulic model (van
Genuchten, 1980) are calculated. In this paper we present new
soil hydraulics data from an area where data are very sparse,
and attempt to explain the differences in the observed results
of existing gas exchange measurements between two con-
trasting sites in Amazonia, understanding of which is
currently absent. Ultimately, better understanding of how
climatic and edaphic factors combine to alter the rainforest
responses to low soil moisture will allow more detailed
predictions of which areas of Amazonia are most vulnerable to
climatic change.

2. Materials and methods
2.1.  Prediction of soil water deficit

It is frequently assumed that the approximate atmospheric
demand over a month in a rainforest ecosystem is 100 mm
(Sombroek, 2001; Malhi and Wright, 2004) and months with
less rainfall than demand will need to utilise stored soil water.
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However, this basic index does not account for the difference
in the severity of dry periods beyond this threshold, and
assumes that evaporative demand does not vary between
seasons. Instead of assuming an atmospheric demand of
100 mm month™?, a model was constructed to predict daily
forest potential evapotranspiration under well-watered con-
ditions. The method used was similar to that of Williams et al.
(1997), who constructed an ‘aggregated canopy model’ (ACM)
of daily carbon uptake, by fitting a simple empirical model to
match the outputs of a detailed, well verified, half-hourly
model of forest gas exchange, the soil-plant-atmosphere
model (SPA, Williams et al., 1996, 1998, 2001). In this study,
a model of potential evapotranspiration (PET) for Amazon
forests (ACM-ET) was developed. The SPA model was used to
generate a response surface of PET to radiation, temperature
and vapour pressure deficit under a subset of observed
Amazonian meteorological conditions. 2503 days of meteor-
ological inputs to the SPA model were assembled using data
from four sites across the Amazon basin: Tapajés, Caxiuang,
Manaus and Rondénia. The precise location and methodolo-
gies of the data collection are described elsewhere (Malhi et al.,
1998; von Randow et al., 2004; Carswell et al., 2002; Saleska
etal., 2003). Using a heuristic process, a simple set of equations
was constructed to capture this response surface. A finite
difference gradient optimisation routine was used to adjust
the parameters of the equations so as to minimise the RMSE of
the SPA vs. ACM-ET comparison of daily potential evapo-
transpiration (UMINF, IMSL Math Library). For model structure
and inputs, see Appendix A.

To assess how the balance of PET and rainfall affects the
demand for soil water, a dynamic model of soil moisture
deficit was implemented. The maximum possible soil water
deficit is predicted, assuming no reduction in evapotranspira-
tion caused by low soil moisture. This is to estimate how much
water the soil must provide for the canopy to continue to
function normally, with no hydraulic restriction. The soil
moisture deficit is assumed to initially be zero, as the
simulation is started in the late wet season. Each month,
water is removed from the soil according to the outputs of the
ACM-ET model (E;, in mm), and the monthly rainfall total (R;, in
mm) is added to the soil. The cumulative soil water deficit,
CWD (mm) is altered by the difference between these values. If
the CWD is positive at the end of the month then it is reset to
zero as the excess rain is assumed to contribute to ground-
water, hence soil water storage is ignored:

CWDy,; = CWD; + R, — E; (1)

If CWD; > 0 then CWD; =0

To estimate evaporative demand, the ACM-ET model was
driven with daily meteorological data derived from Malhi
et al. (1998) for Manaus, in 1995-96, the period when eddy
covariance measurements were made, and from Fisher et al.,
2007 for Caxiuand in 2002-03, the period when sap flow
measurements were made. The results were summed into
monthly values. The aim here is to analyse, for these two
sets of observations, whether soil or climate is the likely
driver of the differences in dry season behaviour. Because
only limited temporal ranges of meteorological and flux data
are available at each site, these results do not necessarily

typify the average responses of these two sites to dry season
rainfall. Instead, the analysis indicates whether soil or
climate is a more likely driver of the inter-site differences in
the years in question.

2.2.  Measurement of soil hydraulic properties

2.2.1. Site

The experimental site is located at Caxiuana National Forest,
Pard, Brazil (1°43'3.5”S, 51°27'36"W), a lowland terra firme
rainforest. The soil is a yellow oxisol (Brazilian classification
latosol), with a 0.3-0.4 m thick stony layer present between 3
and 4 m depth. The texture of the surface soil is 75-83% sand
(>0.05 mm particle diameter), 12-19% clay (<0.02 mm) and 6-
10% silt (0.05-0.02 mm) (Ruivo and Cuhna, 2003). The surface
soil consists of quartz in the sand fraction and predominantly
kaolin in the clay fraction (Ruivo and Cuhna, 2003). Root
biomass has been detected at this site at depths of 10 m (the
deepest measurements made) (Fisher et al., 2007).

The area of forest investigated was delineated by the
boundaries of the LBA (Large-Scale Biosphere-Atmosphere
Experiment in Amazonia) Ecology Program (Avissar and
Nobre, 2002) throughfall exclusion experiment (Fisher et al,,
2006). The experiment covered a 100 m x 200 m area 500 m
distant from the research station. The plot described shall
hereafter be referred to as the ‘experimental site’. All the
experiments and sample collections occurred within this site,
with the exception of the instantaneous profile experiment
(see below), which occurred at a site 200 m closer to the
research station.

2.2.2. Water retention curve measurement

Pressure plate analyses were conducted on intact samples,
collected in April 2002 inside 55mL soil cores, at depths
corresponding to soil horizons identified by Ruivo and Cuhna
(2003) in four 5 m deep soil trenches within the experimental
site. Water contents were gravimetrically determined at —6,
—10, —30, —100 and —1500 kPa. The water retention curve for
tensions between —8 kPa and —1 kPa was determined by in situ
measurements of soil water potential (¥) and soil water
content (¢) by the instantaneous profile method (IPM)
described above. For the top metre of soil the two data sets
were combined to give continuous water retention curves
between —1 and —1500 kPa for each of the four soil depths

(Fig. 1).

2.2.3. Unsaturated hydraulic conductivity measurement

In this study, hydraulic conductivity was measured only at
tensions wetter than field capacity, due to logistical difficulties
associated with measurement of drier soils. Two field based
methods were used, tension infiltrometry (Ankeny et al., 1991)
and the instantaneous profile method (Dirksen, 2000) to obtain
estimates of K over different ranges of tension.

Firstly, measurements of unsaturated conductivity of soils
in the macropore region (—0.05 to —1 kPa tension) were made
using a tension infiltrometer (TI) with a 0.2m disk (Soil
Measurement Systems, Tucson, AZ, USA). Measurements of
infiltration rates were made for every 0.1kPa of tension
between —0.05 and —1kPa. It is necessary to correct the TI
measurements for the increase in apparent flow caused by
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Fig. 1 - Water retention curve data for four depths within the first metre of soil from pressure plates and in situ
measurements, plus model approximations to the data made using the van Genuchten (VG) model. Error bars are ranges of

samples taken from two different soil access shafts.

three-dimensional capillary flow. To achieve this, correction
method suggested by Reynolds and Elrick (1991) was applied.
Eight hydraulic conductivity (K) vs. water potential (¥) curves
were measured using TI on the surface soil. Measurements
were randomly located within the experimental site. Con-
straints to the random selection were that each sample site
was at least 0.5 m from any tree more than 0.1 m in diameter,
and atleast 0.5 m from the edge of the plot or walkways within
the plot, to avoid disturbed soil. In addition, three TI
measurement profiles were made by removing the soil
sequentially and measuring K vs. ¥ at four different depths
(0.1, 0.35, 0.5 and 0.9 m). The tension infiltrometer measure-
ments for each profile were not located immediately below
one another to prevent possible impacts of compaction of the
soil column by the instrument.

Secondly, the instantaneous profile method was used to
make measurements between —1 kPa and —8 kPa. The IPM is
designed to measure the vertical flow of water through soil by
isolating a column of soil, 1 m diameter by 1 m depth and
wrapping it in plastic sheeting to prevent lateral water
movement. Soil water content and water potential were
measured at 0.05, 0.3, 0.6 and 0.9 m using CS615 TDR (time
domain reflectometry) probes (Campbell Scientific, Loughbor-
ough, UK) and mini-tensiometers (Skye Instruments, Llan-
drindod Wells, Wales), respectively, and readings were logged
each minute using a Campbell Scientific CR10X datalogger
(Campbell Scientific, Loughborough, UK). Water was poured
on top of the monolith until the mini-tensiometers gave
readings wetter than —0.2 kPa for 5 min, indicating that near-
saturation conditions had been achieved. The monolith was
covered to prevent evaporation from the soil surface, and
allowed to drain. The flow past the sensors (q) was calculated
at each depth as the loss in storage of the soil above the sensor
in mm h~*. Using this estimate, the hydraulic conductivity K

(mm h™!) was calculated using the method of Dirksen (2000)
as:

__qzt
KO-2.1 = 95/dzz 1 ’

where z is depth (mm), tis time (h), and H is the hydraulic head
(mm). The tensiometers, located at the same depth as the
CS615 probes, also allowed the construction of in situ water
retention curves. The monolith was left to drain until the
water potential of each sensor was below —8 kPa. The methods
used were similar to those of Tomasella and Hodnett (1996),
with the exception that, in this case, automatic TDR probes
were used, rather than the neutron probe used in the Toma-
sella and Hodnett study, and the space of the probes was
altered as a result. The maximum difference between the
IPM and tension infiltrometry data was 0.6 mmh™?, so con-
tinuous K vs. ¥ relationships between —0.05 and —8 kPa were
constructed for each depth using these two data sets (Fig. 4).

In the sandy soil at the Caxiuanai site, the applicability of
the calibration functions of the CS615 soil moisture sensors
used in the IPM method was unknown, so a gravimetric
calibration was conducted to assess how the sensors
responded to varying soil moisture in the sandy latosol soil.
Three 0.3 m long, 0.15 m diameter cores of soil were removed
and kept intact within PVC piping. Two cores were taken from
the surface soil (0.05-0.35 m depth) and one from 0.35 to 0.65 m
depth. The locations were chosen at random (avoiding large
roots) within the experimental site.

Each core was instrumented with a CS615 probe and a
mini-tensiometer. The cores were continuously saturated
until the automatic CS615 readings were stable for 30 min,
and the mini-tensiometer readings were less than —0.02 kPa.
The cores were allowed to drain and placed inside a light box
at (at ~60 °C) and simultaneous measurements of soil mass
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and moisture sensor output were made at gradually
increasing time intervals for ten days. At the end of the
calibration period, the sensors were removed, and the cores
were dried for 24 h at 105 °C and weighed to determine the
mass of the dry soil.

Soil calibration curves were established by calculation of
the volumetric water content 6 (m® m—) using the following
relationship:

Myw — Mg

0=—2 (3)

where My, and My are the masses of the wet and dry soils,
respectively (kg) and p is the density of water (kg m ) and Vis
the volume of the core in m>. This method is similar to that
employed by Veldkamp and O’Brien (2000) to calibrate the
same sensors for a soil in Ecuador.

2.2.4. Soil hydraulic model parameterisation
Given the difficulties inherent in the measurement of
unsaturated hydraulic conductivity, for most applications,
soil hydraulic models are used to extrapolate the Kynsae data
into drier soils. To facilitate this, the parameters of the van
Genuchten (1980) model of soil hydraulic behaviour were
estimated for the top metre of soil (see Appendix B). To allow
comparison between the measurements, the data were
grouped into four 0.1 m depth range categories. The depth
categories used were 0.05-0.15 m, 0.25-0.35 m, 0.55-0.65 m and
0.85-0.95 m. By grouping together the data in this way it is
assumed that each 0.1 m depth range is effectively homo-
geneous. This assumption is necessary because it is not
practically possible to do all the measurements in the same
location.

The van Genuchten model required parameter optimisa-
tion. This was achieved using the simplex search method
(Lagarias et al., 1998) embedded in ‘Matlab’ (MathWorks Inc.,

Natick, MA, USA). The parameters were fitted to minimise the
error parameter e, the sum of the relative root mean square
error between the observed and modelled water contents (¢,
and 6p,) plus the sum of the relative root mean square errors
between log of the K data (K,) and the log of the model K
prediction (Kp,)

6o — Om logKy — logKm
€= Z 6o + Z lOgKo (4)

The log transformation of K is based on the assumption
that the data error is constant on a log scale, and avoids bias of
the fitting routine towards the larger values, as K varies over
many orders of magnitude. van Genuchten parameters were
not fitted to the data from the lower layers where only
pressure plate data was available, as the sample size was too
low to constrain all the parameters of the model.

3. Results
3.1.  Predicted soil water deficit

During the respective measurement periods, the Caxiuana site
received more rainfall in total (2350 mm year ') than the
Manaus site (2088 mm year™}). Both sites experienced strong
seasonality in rainfall, with wet season rainfall peaking
around 400 mm per month in February at Caxiuand and in
May at Manaus (Fig. 2). Low rainfall began in July in both sites
(115mm at Caxiuand and 82mm at Manaus). The driest
month in both cases was August, however, the dry season at
Caxiuand lasted until December, whereas at Manaus high
rainfall (>100 mm) only returned in February. Both the wet
and dry season rainfall at Manaus was close to the long-term
average for Manaus City (Harris et al., 2004), and the Caxiuana
rainfall was 5 mm (1%) less in the dry season and 80 mm (5%)

0.4 T
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o Core2
¢ Core3
0.35 1 calibration curve
03
bl
£ 025
2]
E
Y
0.2+
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0.05 . ! !
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L L 1
1.05 11 1.15 1.2 1.25

CS615 period /Ims

Fig. 2 - Comparison of rainfall (squares), modelled potential evapotranspiration (diamonds) and estimated cumulative water
deficit (circles, CWD) at Caxiuana (open symbols) and Manaus (filled symbols).
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less in the wet season than the average over 5 years of
measurements at Caxiuana.

The simple model predicted seasonality in the monthly
potential evapotranspiration, ranging at both sites from 120 to
130 mm in the dry season to 70-80 mm in the wet season. The
data are from different years, but the seasonal cycle is similar
between sites, with a slightly greater PET at Caxiuand in
November, and lower in September and October.

The longer dry season at Manaus did not create a larger soil
moisture deficit than at Caxiuand. Partly because there was a
‘mini’ wet season in November, when the soil moisture was
slightly recharged, according to the simple model, and partly
because atmospheric demand was relatively low between
November and February. The maximum predicted seasonal
water deficit was similar in the two forests; —210 mm at
Caxiuand and —214 mm at Manaus. The model results thus
indicate that there were not large differences in maximum
demand for soil moisture between the two sites. The water
deficit was maintained for one month longer in Manaus than
in Caxiuand.

3.2.  Soil hydraulic properties

3.2.1.  Soil moisture sensor calibration

The responses of the CS615 probes to water content were
effectively linear. There was little variation between the cores,
so all the data were grouped together to produce the following
calibration equation:

6=0.79P - 0.59 (r* =0.79) (5)

where 6 is the volumetric water content (m® m~>) and P is the
period output of the CS615 sensors in ms (Table 1).

3.2.2. Water retention curves

The data describe a sigmoidal relationship when plotted on a
log-log scale, and give a good fit to the van Genuchten model
(RMS error = 0.013 m® m~3, r? = 0.88 to 0.98). The van Genuch-
ten parameters used to interpolate the relationship are shown

in Table 2. The soil water content at —1500 kPa is very low (0.07
to 0.15m?*m™3) due to the low clay content. The water
retention curves were not measured between saturation
and —1kPa so the water released at these tensions is
unknown.

The water retention curves for the deeper soil layers
(between 1.0 and 4.5 m depth, Fig. 3) were similar to those of
the top metre of soil in that the amount of water released
between —6 and —1500 kPa was within the range found in
the top metre (0.164 to 0.243m>®*m~3). The variation in
absolute water content in the pressure plate data was
greater than the variation detected in the IPM as it included
both spatial and vertical heterogeneity. Only one profile was
measured for the IPM, so the effect of spatial variation was
not known.

3.2.3.  Hydraulic conductivity

The hydraulic conductivity data (Fig. 4) showed good agree-
ment between the two hydraulic conductivity measurement
techniques (tension infiltrometry and instantaneous profiling)
where their ranges overlapped at —1 kPa. The observed values
of K varied over ~5 orders of magnitude over the measured
range of water contents, between 844 and 0.0l mmh™". The
van Genuchten model, which was simultaneously fitted
against the water retention curve and the conductivity data,
is generally a good descriptor of the shape of the K vs. ¥ data
(RMS error = 0.168-0.33 log;o mm h ™%, v? = 0.875 to 0.998), but
there is some deviation of the model away from the data as
saturation is approached at —0.05 kPa. Here the K data are on
average 367 mm h ' higher than the model predictions. High K
values close to saturation potentially indicate the existence of
secondary system of large soil pores. These features were also
observed by Tomasella and Hodnett (1996) for rainforest soils,
and were hypothesized to be due to the effect of biogenic
macropores (Chauvel et al, 1991), which substantially
increase the maximum hydraulic conductivity of the soil
matrix. The van Genuchten model assumes a uni-modal pore
size distribution and thus is not able to predict the effects of
such secondary pore systems.

Table 1 - Summary of the available soil hydrology data at the Caxiuana site

Data type v range (kPa) Depth range (m) K data ¥ data ¢ data
Tension infiltrometer —0.05 to -1 0-0.9 Yes Yes No

Pressure plates —6 to —1500 0-4.5 No Yes Yes
Soil calibration cores -0.1to -6 0-0.9 No No Yes
Instantaneous profile method —0.8 to —8 0-0.9 Yes Yes Yes

Table 2 - van Genuchten parameters for four soil depths at the Caxiuana site

Model Parameter Depth (m)
0.50-0.15 0.25-0.35 0.45-0.55 0.90-0.10
van Genuchten O 0.127 0.027 0.022 0.105
O 0.516 0.421 0.384 0.413
o 5.40 1.27 1.82 2.10
N 1.27 1.23 1.10 1.20
Keat 1011 1545 3102 2123
1 —-1.25 1.88 —1.42 -1.03
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Fig. 3 - Hydraulic conductivity data, from tension infiltrometer (TI) and instantaneous profiling (IPM), with model
approximations to the data using the van Genuchten VG model for four depths within the first metre of soil. Error bars are
standard deviations of four independent tension infiltrometer samples.

3.2.4. Comparison of soil properties at caxiuand and manaus
The Caxiuanai soil data were compared to the data collected at
a site near Manaus by Tomasella and Hodnett (1996). The
Caxiuand and Manaus soils differed significantly in terms of
absolute water content. The Caxiuané soil had lower soil water
content across all tensions (t-test p value <0.01), with the
maximum measured water content being 0.37 m®* m~3 com-
pared to 0.52m3®m™3 at Manaus (Tomasella and Hodnett,
1996). This is to be expected, as clay soils hold more water at
very low tensions (<1500 kPa) in their microporous structure.
However, the sandy soil at Caxiaund had a much greater range
of water content over the range of tensions measured. The
water held in the soil within the range available to plants was
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Fig. 4 - Soil water retention curves of all soil layers derived
from pressure plate analyses. Error bars correspond to
ranges of samples from two different sites.

estimated. It was assumed that water held between 0 and
—6 kPa is not available to plants, as it is quickly drained away
after a rain event. The lower limit of water extraction is not
known, as it depends upon root density and osmotic potential,
soil texture and the capacity of plants to resist xylem
embolism (Sperry et al, 1998). Therefore, the soils were
compared for a wide range of possible extraction limits. The
lower limit considered was -1500kPa, the commonly
assumed ‘wilting point’, beyond which plants are not able
to function (Nepstad et al.,, 2004). In a modelling study at
Caxiuang, Fisher et al. (2007) used measured root biomass
profiles, among other data, to parameterise a model of forest
gas exchange. This model, which was verified against soil
water content data, predicted that in the top 5 m of soil, where
roots were abundant, predicted extraction did occur down to
—1500 kPa. However, the lowest water potential predicted for
soil layers between 5 and 10 m depth during two dry seasons,
both of which exhibited very restricted forest water use, was
~—100 kPa. This wetter predicted extraction limit was mainly
due to the low root density in these layers slowing the
modelled rate of water extraction from the deep soils. We have
therefore also analysed the water available between —6 and
—100 kPa because this is the predicted amount of water
available from deep layers under the prevailing climatic and
biological circumstances.

At Manaus, available water content between —6 kPa and
—100kPa averaged across all the layers tested was
0.040 £ 0.016 m®*m™> (Tomasella and Hodnett, 1996). Data
were not available for soils drier than —100 kPa, but extra-
polation of the van Genuchten curves predicts that there was
an average of 0.045 + 0.011 m® m > released between —100 kPa
and —1500kPa making a total of 0.095+0.027 m*m™>. At
Caxiuang, the average water released between —6kPa and
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Fig. 5 - (a) Comparison of IPM data from Manaus (closed symbols) and Caxiuana (open symbols). Caxiuani data:

0.05 m = circles, 0.30 m = squares, 0.60 m = diamonds, 0.90 M = triangles. Manaus data: 0.30 m = circles, 0.50 m = squares,
0.75 m = diamonds, 1.05 m = right pointing triangles, 1.35 m = left pointing triangles. (b) Comparison of water retention
curves from Manaus (closed symbols) and Caxiuana (open symbols). Caxiuana data: 0.05 m = circles, 0.30 m = squares,
0.60 m = diamonds, 0.90 m = triangles. Manaus data: 0.20 m = circles, 0.40 m = squares, 0.60 m = diamonds, 0.80 m = right
pointing triangles, 1.00 m = left pointing triangles. Note the difference in scale between the plots.

—100 kPa over the top metre of soil (to allow direct comparison
with the Manaus data) was 0.138 =0.046 m*m~> and that
between —100 kPa and —1500 kPa was 0.062 + 0.034 m* m 3,
giving a total of 0.200 + 0.032 m® m~3. Therefore, if the limit of
extraction is —100 kPa, then the Caxiauna soil holds 3.4 times
more water than Manaus. If it is —1500 kPa, the Caxiuana soil
holds 2.1 times as much as the Manaus soil.

The relationship between water potential ¥ and unsatu-
rated conductivity K, was similar (t-test p value=0.34)
between the Manaus and Caxiuan3 sites (Fig. 5) for the range
of ¥ over which K was measured (—0.1 to —8 kPa) (this is for
soils wetter than field capacity, and thus not the same range as
that over which the plant available water was compared). We
therefore expect that the rate of soil-to-root water transport at
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a given ¥ would be similar between the two sites, given similar
rooting density.

4, Discussion

The forest at Caxiuand appears to be able to withstand the
observed dry seasons without restriction on evapotranspira-
tion caused by low soil moisture (Carswell et al., 2002; Fisher
et al., 2006, 2007). In contrast, the forest at Manaus
experienced substantial declines in evapotranspiration in
the 1996 dry season, as measured by eddy covariance (Malhi
etal., 1998). Itis important to understand the reasons for these
different behaviours as the current water limitation status of
the forest is a key uncertainty in our ability to predict the
magnitude of the proposed ‘Amazon dieback’ feedback
mechanism (Cox et al., 2000; Friedlingstein et al., 2006). In
this study, two abiotic factors which may potentially explain
the differences between the two forest ecosystems were
investigated; climate patterns and plant available soil water
storage capacity. Neither the potential evapotranspiration nor
rainfall patterns differed substantially between the two sites,
leading to only small differences of only 7 mm in projected
maximum soil water deficit. However, the available soil
moisture at the Caxiuand site was between 2.1 and 3.4 times
greater per volume of soil than the Manaus soil, depending on
the (unknown) ‘limit’ of water extraction. Therefore, we
conclude that there is little evidence that climatic factors are
the cause of restrictions to evapotranspiration in the dry
season at Manaus, but there is some evidence to suggest that
the very low plant available soil water storage capacity may
make this forest more prone than the Caxiuana forest to
experiencing drought stress.

One unknown in this study is the difference in active root
biomass profiles between sites. If the active roots at Manaus
are substantially shallower than at Caxiuand, and access a
smaller volume of soil, then this may also contribute to the
differences in water supply between sites. At Caxiuand, water
extraction has been observed down to 5.0 m (Fisher et al,
2007). Hodnett et al. (1996) observed water extraction down to
at least 3.6 m depth at a site near Manaus. Both these studies
detected soil water extraction at the maximum depth
observed. The absence of measurements of soil water content
below these depths means that the active rooting depth
cannot be estimated. For this study, itis of course possible that
very deep roots at Caxiuand might be the reason for the dry
season resilience. However, we know root and water uptake
occurs down to at least 3.6 m at Manaus (Hodnett et al., 1996).
At Caxiuani, this rooting depth would easily provide enough
water to cover the predicted soil water deficit of 210 mm (this
depth of soil being predicted to provide between 496 and
720 mm, depending on the assumed uptake limit, but not
allowing for changes in soil properties with depth), so rooting
depth differences cannot easily explain the different
responses.

Roots have been detected at 10 m depth at Caxiuand, and at
a number of other Amazonian sites (Nepstad et al., 1994;
Moreira et al.,, 2000; Nepstad et al.,, 2004), but at very low
density. It is not known how active these roots are in water
uptake but some studies have suggested that deep roots

mainly improve plant water uptake capabilities via the use of
hydraulic lift (Lee et al.,, 2005; Oliveira et al., 2005). This
mechanism, whereby water is continuously transferred from
wetter deep layers to drier shallow layers in the dry season,
may help to overcome the limitations on water uptake caused
by soil-to-root resistance, as this uptake mechanism acts all of
the time, not just when the plant is transpiring. However, at
the Manaus site, the existence of dry season hydraulic
limitation potentially means that the impact of hydraulic lift
is limited.

Despite the demonstrated existence of deep water extrac-
tion (Moreira et al., 2000; Bruno et al., 2006) and hydraulic lift
(Oliveira et al., 2005) at the Tapajés rainfall exclusion
experiment, Nepstad et al. (2007) found a three year delay
between beginning a rainfall exclusion experiment and the
onset of increased tree mortality and at least one year delay
before the onset of leaf water stress and LAI changes (see
Nepstad et al., 2002). The results from this rainfall exclusion
experiment suggests that stored soil water at this site can
buffer large changes in rainfall for a short period, but the long-
term depletion of soil water reserves eventually causes
limitations in water supply. This is important, as it means
that the responses to short-term perturbations, like El Nind
years, do not necessarily provide insight into the responses of
the forest to long-term changes in water balance. Another
rainfall exclusion experiment, also located at Caxiuana (Fisher
et al.,, 2007) responded by reducing evapotranspiration in
response to the imposed drought in a single year, but this
rainfall exclusion was imposed continuously throughout
the year, not just in the wet season (Nepstad et al., 2002) so
the results are not directly comparable (also, measurements of
the gas exchange of the Tapajos drought experiment are not
available for comparison using the methods employed in this
study). Improved understanding of rooting behaviour and soil
depth, along with improvements in soil hydraulic informa-
tion, are necessary to disentangle the effects of abiotic soil
properties and of rooting behaviour.

Another unknown is the lower tension limit of extraction of
soil water. In this study, we have used two contrasting limits to
investigate the consequences for our predictions of addressing
this uncertainty. It is commonly assumed that plants may
extract soil water down to —1500 kPa, the ‘wilting point’ (Cox
etal.,, 1998; Werth and Avissar, 2004). Recently, it was proposed
using a modelling analysis that changes in water potential
alone could not explain the patterns of gas exchange observed
atManaus, and that it was also necessary to invoke changes in
soil-to-leaf hydraulic conductance to explain the predictions
(Williams et al., 1998). This finding was supported by Fisher
et al. (2007) using a model which predicted soil water uptake
resistance ‘a priori’ from soil water content and root biomass
profiles. An important implication of this proposed hydraulic
resistance limitation mechanism is that the rate of water
supply to leaves might be severely limited long before the
absolute limit of extraction is reached and where roots are
sparse, plant water use can be reduced at quite high water
potentials. Therefore, to discuss ‘limits’ of water uptake is to
some degree misleading, as transpiration may be reduced by
slow water movement despite no absolute threshold of water
content extraction having been reached. This was empirically
demonstrated by Fisher et al. (2006) who found that sub-
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stantial reduction in water use of canopy trees subjected to
artificially reduced soil moisture occurred in the dry season at
Caxiuani, despite the existence of only slightly negative soil
water potentials of —0.2 to —0.6 MPa. These water potentials
were estimated from pre-dawn leaf water potential measure-
ments, a proxy for the ‘average’ soil water potential of the
profile, assuming the system is in hydraulic equilibrium.
Furthermore, in the dry season, there was a large increase in
the measured below-ground hydraulic resistance, supporting
the hypothesis that below ground resistance to water
transport could be severely limiting forest water use. Never-
theless, for the purposes of this paper, it is necessary to
demonstrate that the soil properties at Caxiaund and Manaus
differ substantially in terms of water retention, so it is
necessary to artificially impose a range for the available plant
water content. Here we have used two extreme extraction
limits, an upper and lower estimate. Soil water availability was
substantially higher at Caxiuand in both instances, so our
findings are not affected by this uncertainty. In addition we
extended the analysis to very low soil water potentials
(—5000 kPa, data not shown) to investigate the likelihood of
water being released from the clay micropore matrix of the
Manaus soil. This analysis predicted that, at Manaus there was
less than 2% additional water extraction, and at Caxiuana
there was between 1.3 and 3.8% additional water extraction.
This therefore supports rather than undermines the hypoth-
esis that the Caxiaunad soil has higher plant available water.

If Kis an important determinant of forest water use, via its
impact on water transport, then it will be necessary eventually
to predict it at a regional scale using an empirical model of soil
properties. It is clear from the lack of data (Tomasella and
Hodnett, 1997) on this important soil property (which is also
necessary for infiltration and runoff modelling), that further
investigation is an important priority for understanding
Amazonian forest gas exchange processes.

The main conclusion of this study is that while there were
no differences in total soil water deficit between the Manaus
and Caxiuani sites in the years considered for this analysis,
there were very large differences in the water retention
capacity of the soils. We suggest that the main factor driving
the different behaviours is likely to be the very low soil water
retention capacity of the clay oxisol at Manaus compared to
the sandy oxisol at Caxiuand. Some uncertainty remains
surrounding the impact of deep roots and vegetation
strategies regarding water stress avoidance. However, we
believe that the scarcity of good soil hydraulics information for
Amazonia remains an impediment to the creation of accurate
models of biosphere-atmosphere exchange, particularly for
the purpose of identifying which forest areas may be
particularly sensitive to climatic change.
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Appendix A. ‘ACM-ET’ Potential
evapotranspiration model

Potential evapotranspiration was modelled as the product
of the atmospheric demand and the surface conductance
using a modified version of the Penman-Montieth equation
(Jones, 1992).

_ pl(S(I - Pz) + Cpgana
S+ 2(9./9c)

where I is average daily radiation (Wm™2), V is the average
daily vapour pressure deficit (kPa), and g. is surface conduc-
tance. A is the psychrometric constant (0.066 kPa °C %) ¢, is the
specific heat of air (1010J Kg~*K~%) and p is the density of air
(1.2Kgm™3). p, is a correction between the average daily
radiation and the radiation observed. p, is the intercept of
the relationship between radiation and ET. These empirical
fitting parameters are necessary because the Penman-Mon-
teith is an instantaneous equation, but the input parameters
are daily values. s is the change in slope of the vapour pressure
curve with temperature, T (K):

12.27T

$=61660733 7

Surface conductance is defined as:

9 = pI%I"'"I/epAJ\/§

where ¥ is the difference between the minimum leaf water
potential and the bulk soil water potential (MPa). R is the soil-
to-leaf hydraulic resistance (s m~> MPa mmol %) and L is the
leaf area index (m?m ?). g, is increased by high LAI and ¥
values, and is limited when both radiance and soil-to-leaf
hydraulic resistance are high. This is because high irradiance
is linked to high atmospheric demand. In times of low soil
water availability, this tends to result in stomatal closure. p3
and p4 are further fitting parameters. The parameters were
optimised to fit the evapotranspiration data from the output of
the SPA model. These values include the effects of soil eva-
poration and leaf surface evaporation. The values of the fitted
parameters as determined by the optimisation routine were:

pl=274,p2=622 p3 =47 x 107>, p4=3.0x 1072

The r? value between the SPA model and the aggregated
model was 0.87. The model residuals did not correlate with
any of the input variables. The average relative model error
was 12%. The SPA model output has been verified against sap
flow data from both well watered and drought-stressed sap
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flow data from Fisher et al. (2007). The ACM model was not
compared directly to the data because of the discrepancy
between the sap flow data and the evapotranspiration model
output. To simulate well-watered conditions at the Manaus
and Caxiuana sites, the soil water supply parameters ¥ and R
were set to values which correspond to well-watered condi-
tions (2.5 MPa and 1.0 s m~? MPa mmol~?, respectively).

Appendix B. van Genuchten soil hydraulic
properties model

The van Genuchten (1980) model describes the water
release curve as:
06

Se =g =g, 1)

1+1/n

where S, is the effective saturation, 6 is the soil water content
and with 6 and 6, as the saturated and residual soil water
contents respectively (m®>m™), « is a scaling factor which
determines the maximum pore size (kPa™'), and n is a dimen-
sionless curve shape parameter. Hydraulic conductivity K
(mmh™) is given as;

(1- (aw)n—l[l + (aW)"]i(lil/m)z

K= Ksat —
1+ (ay))

where K, is the saturated hydraulic conductivity (mm h™%). A
‘tortuosity factor’ 1, is required, to account for the influence of
soil structure on conductivity. Therefore the shapes of the water
retention and hydraulic conductivity curves are independent.
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