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ABSTRACT
PHYSIOLOGICAL CONTROL OF TRANSPIRATION AND SCALING
EVAPOTRANSPIRATION AT THE BOSQUE DEL APACHE,
A RIPARIAN FOREST
BY

ERNESTO ALONSO CATALAN-VALENCIA, B.S., M.S.

Doctor of Philosophy in Agronomy
New Mexico State University
Las Cruces, New Mexico, 2001

Dr. Vincent P. Gutschick, Chair

Evapotranspiration (ET) by riparian species has become a matter of interest
for ecologists and water managers at the Middle Rio Grande. As a multidisciplinary
project, several methods to estimate this important and uncertain component of the
hydrologic budget have been tested at different sites along that region. Together with
three micrometeorological methods to estimate ET at the stand level, a biophysical
model to predict ET has been tested at the Bosque del Apache, near Socorro, New
Mexico. Our overall interest was to develop a mechanistic model of transpiration (E)
and assimilation (4) capable of being scaled up from the leaf to the stand scale, and
transferred among species and sites. Therefore, it was necessary to establish the

physiological and ecological mechanisms and patterns controlling the fluxes of water



and CO, at each scale. The second chapter addresses this need by testing that our
experimental data on stomatal conductance and CO, assimilation can be fitted to a

" complete model of stomatal control. Our model captures the main physiological
mechanism of control at the leaf scale. The third chapter presents tests of our ability
to model light distribution on leaves as an important environmental factor controlling
the fluxes at the branch to tree scales. The last chapter describes the whole model
and presents an evaluation of its performance by comparing measured and predicted
fluxes at the tree and stand levels. It also presents an analysis of other environmental
mechanisms controlling the fluxes at the tree to stand scale. The model performed
well in predicting branch, tree, and stand transpiration. A number of common
approximations in process modeling were shown to affect accuracy in predicting

fluxes; more rigorous process models such as we used are needed.
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CHAPTER 1

INTRODUCTION

The fate of water on the Middle Rio Grande in New Mexico, near Socorro, is
both important and uncertain. It is important for management of crop irrigation, city
water supplies, and ecological function of riparian forest. The riparian forest itself,
formerly dominated by cottonwood (Populus fremontii), has been impacted by
invasion of the exotic woody species, tamarisk (Tamarix ramosissima). Among the
major uncertainties are: (1) the division of total out-of-channel flow among
evapotranspiration (E7) by riparian trees and lateral flow beyond the riparian zone;
thus, one focus is total riparian £T; (2) whether tamarisk has a substantially higher ET
than cottonwood, further justifying its eradication; and (3) whether riparian-tree ET is
substantially lower than irrigated-crop ET, thus ameliorating the cost of maintaining
native riparian ecosystems.

In 1998, the Bureau of Reclamation, under the leadership of Steve Hansen in
the Albuquerque office, initiated a program to quantify water fates, particularly
riparian-species ET, along the Middle Rio Grande. A multidisciplinary team was
assembled to quantify ET at the level of physiological control (leaf to tree scales; V.
Gutschick and group from NMSU) and the level of whole stands (eddy-flux
covariance and novel LIDAR techniques). Precision eddy-flux covariance (EFC)
measurements were done at 3 towers, 2 in tamarisk and 1 in cottonwood, by L. Hipps

(Utah State University) and John Prueger (Iowa State University). S. Bawazir and J.



P. King of NMSU also tested a sjmpler method of EFC for sensible heat flux H using
inexpensive propeller anemometers (method of Blanford and Gay, 1992); ET was
obtained as the residual LE = R, - G - H, where LE = latent heat flux (ET multiplied
by latent heat of vaporization of water), R, = net radiation (input minus output), and
G = soil heat flux. This method might be replicated inexpensively over a dense
network of sites if it proves reliable. The LIDAR (Light Detection and Ranging)
technique of D. Cooper (Los Alamos Nat. Labs.; see Cooper et al., 1999) and of W.
Eichinger (University of lowa) maps the atmospheric water vapor distribution in 3-D
frequently, allowing not only estimates of total ET but also its spatial distribution.
The spatial resolution allows testing of hypotheses that ET is intermittent in time and
that significant ET differences exist in apparently uniform stands.

The work on the scale of leaf to tree was performed to test the following
hypotheses: (1) that ET can be estimated robustly (accurately, with minimal detailed
information of tree physiology and structure) from measured stomatal control
parameters, simple estimates of leaf area index, and basic meteorological data; and
specifically, (2) that the Ball-Berry model of stomatal control (Ball et al., 1987)
accurately represents leaf ET.

Toward these goals, the following series of measurements were performed:
(1) gas exchange on many individual leaves. Two modes were employed: open mode
(OMGX), in.which a single leaf is stabilized at each of a series of environmental
conditions (particularly humidity and temperature in full sun), and closed mode

(CMGX), in which large sets of leaves were measured once each for short times under



varied conditions, effectively sampling behavior of the whole ensemble; (2) light
interception by representative leaves (about 12) on each of 2 branches. The measured
irradiance on leaves was used in two ways: (a) to estimate total light interception on
each branch, thus, to compose an estimate of whole-branch ET from models of leaf
ET based on stomatal control, photosynthetic parameters, and energy balance; (b) to
test models of light penetration into vegetation stands; the models are needed to
predict whole-stand interception and consequent ET;, (3) sapflow through individual
branches (the same ones on which light interception was measured) and whole trees.
The whole-tree sapflow was used to test how well ET is estimated from models of
leaf behavior and radiation penetration to leaves. It was also used to estimate
whole-stand E7, by multiplying ET per tree by tree number per ground area,
correcting for tree size differences.

These measurements were done in two separate campaigns, 31 Aug.-18 Sept.
1998 and 02-25 Jun. 1999. The two years differed substantially in water status of the
vegetation. In 1998, the campaign was delayed, such that natural senescence was
beginning in response to photoperiod. Also, the water table had retreated
significantly, to about 4 m depth at the cottonwood site. In 1999, a very dry spring

was terminated by an intense rainstorm that led to long (2-week) flooding of the site.
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CHAPTER 2
PHYSIOLOGICAL CONTROL OF TRANSPIRATION

Abstract

Physiological parameters describing stomatal control and photosynthetic
capacity at the Bosque del Apache showed important variability among species and
seasons. The statistical and functional significance of such variability was analyzed
in order to determine its influence over the fluxes of water (transpiration: E) and CO,
(assimilation: 4). The purpose of the analysis was to define which parameter must be
most accurately measured, and to determine if the integrated E and 4 fluxes respond
linearly to parameter values and thus can be modeled with average parameter values.
The involved parameters were the slope m and the intercept b in the Ball-Berry
model, as well as the maximum photosynthetic capacity 7, * (referred to 25 °C).
Stomatal conductance (g,) was well described by the Ball-Berry model of stomatal
control. The invasive species tamarisk (ZTamarix ramosissima) showed a significantly
higher m value than the native species, cottonwood (Populus fremontii). A
significant correlation was observed between m and b for both species. The estimated
flux control coefficients of g, over E were higher than that over 4, indicating a higher
control of g, over water flux than over assimilation, as expected (Jones, 1996). When
stomatal response to variations in air humidity over the day were averaged out in the

model, the effect on water-use efficiency, A/E, was remarkably small. The predicted



E and A4 fluxes showed a markedly linear response to the variations of m, b, and

V.mes. When the correlation between m and b was used to estimate b from m.

Introduction

The increasing demand of water for agricultural, industrial and domestic uses
at the middle Rio Grande has motivated the search of alternative approaches for a
better planning of water management. Evapotranspiration (ET) of riparian species is
one of the largest and uncertain components of the hydrologic budget in this region.
Its quantification has become a matter of interest for water managers at the middle
Rio Grande. Two species are of interest at the Bosque del Apache, near Socorro NM:
cottonwood (Populus fremontii) and Tamarisk (Tamarix ramosissima).

Rational water management requires a model of ET that has more information
about physiology than previous studies. Traditionally, ET has been described by
putting more emphasis on environmental factors (Jensen et al., 1987 and Jones,
1996). However, there are some physiological mechanisms exerting an important
control over this process. One of these mechanisms, the main focus here, is stomatal
control which responds to both environment and plant physiology.

A typical parameter representing stomatal control is stomatal conductance. In
the "big leaf models” of transpiration such as Penman-Monteith model (Penman,
1948; Monteith, 1963), stomatal conductance is considered as a constant value and
multiplied by an effective leaf area, although it actually responds to both

environmental and physiological factors. The Ball-Berry model (Ball et al., 1987) for
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stomatal control considers essential physiological features interacting with
environment to predict stomatal conductance; conductance is scaled to assimilation
and responds dynamically to light, humidity and CO,. The main hypothesis of this
study is that the Ball-Berry model adequately describes the physiological control
(stomatal control) of transpiration at the leaf level.

The general idea behind this study is to construct a model to predict
transpiration by considering simultaneously (1) the physiological control of water and
CO, fluxes at the leaf level, (2) the effects of the stand geometry on the distribution
of light intercepted by the canopy and on CO, assimilation, and (3) the energy
balance principle. The final goal is to quantify ET from leaf to tree and from tree to
stand. However, jumping from one scale to another is risky because new physical
and biological phenomena could enter at each jump in scale.

Another source of uncertainty in any modeling approach is the accuracy of
parameterization and the attendant propagation of errors. Gutschick at el. (2001)
analyzed the statistical and functional significance of the variations of stomatal
control parameters over assimilation and transpiration fluxes. Parameters were
estimated with extensive leaf gas-exchange measurements performed at the
Chequamegon National Forest in different species, locations, and seasons. A major
finding in this study was that errors in modeling stomatal conductance propagate
more strongly to integrated water flux or transpiration than to integrated CO, flux or

assimilation. In addition, water and carbon fluxes had very clearly linear responses to



the variation of the stomatal control parameters, justifying the use of average values
in the modeling of both fluxes.

The goal of this study is to analyze the statistical and functional significance
of the variations of the physiological control parameters over assimilation (4) and
transpiration (E), observed at the Bosque del Apache. From the statistical point of
view, we are interested in analyzing the variability of parameters by species and
seasons in order to get good predictors. We also want to analyze the type of
responses of 4 and E to such variations, which are important for the parameterisation
process. Finally, from the functional point of view, we are interested in analyzing the
amount of control exerted by each parameter over 4 and E so we can determine

which of the parameters must be more accurately measured.

Materials and Methods

Access to leaves for measuring gas
exchange, temperature, irradiance

For access to leaves in the more open canopy of the cottonwood stand, we
rented a self-powered boom lift that possesses a telescoping arm (boom) capable of
extending to 10.3 m above the ground. At the end of the arm is a "cage," with
controls for the boom operation and sufficient room for up to two persons and a
variety of equipment (total < 225 kg = 500 1b). The boom lift achieves stability by
great mass (3600 kg) over a modest stance (about 2 x 2 m). The great mass

necessitates that the terrain be near level (< 10° slope) and firm. Thus, operations are



restricted to the vicinity of good roads in the absence of very wet soil or heavy litter
layers. For access to the leaves of tamarisk trees, we erected a metal scaffolding in a
small gap in the canopy. At the top, we erected a walkway (3.2 m above the soil, 0.3
m wide and 3 m long) and a base for our gas-exchange equipment (4 m above the

soil, same length and width).

Leaf gas exchange: Basic closed-mode
measurements

Leaf gas exchange was performed with a standard LI-COR LI-6200 portable
photosynthesis system according to the manufacturer's recommendations (LI-COR
inc., 1990). In the closed mode gas exchange (CMGX), large sets of leaves were
measured once each for short times under varied ambient conditions and during
periods of full sunlight. Leaves were chosen from different locations within the

canopy of four trees of each species.

Open-mode gas exchange on
individual leaves

The LI-COR LI-6200 was replumbed so that incoming air passed through a
source of controlled humidity (LI-610 humidity generator, in which air bubbles
though T-controlled water), then into the LI-6200 IRGA reference chamber, then into
the cuvette with the leaf, then back to the IRGA sample chamber before exiting to
free air. Before entering the IRGA sample chamber, all or part of the air exiting the

cuvette passes through a dew-point hygrometer (model Hygro M-1 with model
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1111H sensor, General Eastern, Woburn, MA, USA). This arrangement allowed
measurement of (1) leaf transpiration, from air flow rate and humidity differences and
(2) CO, assimilation, from air flow rate and the difference of CO, partial pressures
(plus a correction for CO, dilution by added water vapor). We corrected for
expansion of air that causes a drop in water-vapor pressure between the dew-point
generator and the cuvette, using a digital manometer whose output is sent to the
L1-6200 console, along with the humidity-generator temperature and the hygrometer
output. Using a new monitoring program that we wrote for the LI-6200 console, this
complete set of information allows the LI-6200 console to compute assimilation (4),
in situ transpiration (E, not used to estimate free-air transpiration), stomatal
conductance (g,), water vapor pressure (e,), relative humidity at the leaf surface (4,)
beneath the boundary layer, and CO, mixing ratio at the leaf surface (C,) in real time.
This novel system is tested for stability and for air leaks by checking that e, and air
CO, mixing ratio (C,) entering the cuvette closely equal the corresponding values ai
the air exit when no leaf is present. Acceptable offsets in e, and C, are equivalent to
conductances of 0.01 mol m? 5™ and assimilations of 0.3 umol m? s™. At times,
artificial light was reqmred to maintain gas exchange conditions during the
measurements. We used an array of 3 quartz-halogen lamps (12 VDC, 50 W each),
filtering out excess thermal radiation with a Plexiglas™ filter. The complete theory
and an operations manual are available from the authors and also via internet

(http://mvar.nmsu.edu/vince) .
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Dark respiration by leaves
Dark respiration was estimated by shielding the cuvette with aluminum foil

one minute or more and performing either closed-mode or open-mode gas exchange.

Leaf areas

These were measured both geometrically, using dimensions apparent with the
leaf in the cuvette, and by direct measurement on the section of leaf marked as inside
the cuvette (allowing for the area occluded by the cuvette gasket), using an L1-2000
leaf area meter. All equipment was modified to operate in the field on 12VDC
supplied by marine batteries (which allow deep cycling of their charge status without

damage).

Estimation of photosynthetic capacity
from gas-exchange data

The LI-6200 computes assimilation per leaf area (4), CO, partial pressure in
the leaf interior after passing the stomatal resistance (C,), leaf temperature (7}), and
irradiance (7;). We computed from these the light- and CO,-saturated assimilation
rate, V_..., using the equation of Farquhar et al., (1980), including an estimate of dark

respiration rate, R

= Ve - = e
A c,maxq + Koy R, = Vc,max C-T )
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Here, I is the compensation partial pressure (at which 4=0) and K, is the effective

Michaelis constant for CO, binding,

Here, in turn, K. is the Michaelis constant for CO, binding, K|, is that for O,
binding, and O is the partial pressure of O, in ambient air. All three parameters, I,
K, and K, are functions only of temperature 7} and are calculated from updated
formulas given by de Pury and Farquhar (1997). The dark-respiration rate was
measured directly for some leaves; data supported the assumptions that (1) R, is 8 -
10% of light-saturated 4 at a leaf temperature equal to its recent seasonal mean in the
photoperiod (compare Atkin et al., 2000; Niinemets et al., 1999) and (2) it scales with
temperature with a Q,, near 2, that is, as exp(0.07*(T-T,_,,)). Here, Q,, is a factor for
the change of R, per 10 °C change in temperature in a respiration-temperature
dependent function. The validity of estimating V_, .. from a single assimilation
measurement rather than from an 4-C; curve has been tested recently by Niinemets et
al. (1999), who found the procedure to be accurate.

At finite irradiances ;, assimilation is expressed by combining the light-

saturated rate above and the light-limited rate, 4,,, as

04> - A(A, + Ay )+ Ay Ay =0 .. evemeeeeeesessesnesssne 3)
with
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where 0 is a convexity factor describing the degree of sharpness of transition from
light-limited to light-saturated assimilation. Its value is commonly 0.8, as we
estimated from several light-response curves. The variable Q, represents the slope of
A vs I; when assimilation is light-limited:

C-T
Qo:QOO-C—-i-_f .......................................................................... 5)

i

and Q,, is the CO,-saturated initial quantum yield or Q, at low /, values. The value
of Oy, is nearly constant for leaves of normal pigmentation: 0.0732 mol of CO, per
mol of photons (Ehleringer and Bjorkman, 1977).

The estimation of ¥, requires the measured values of T, C, I,, and 4 from
gas exchange under cuvette conditions. One first compute I' and K, from T}, and

use measured C; to compute Q,. Then equations (3) and (4) are combined to obtain

4 L AL, - 64)
sar ~ QoIL‘A ....................................................................................

and then equation (1) is solved for ¥, .. This value can be scaled to a uniform
reference temperature of 25 °C, using the temperature activation factor of de Pury

and Farquhar (1997).
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Estimation of stomatal control
parameters from gas-exchange
data
Some series of gas exchange measurements were used to estimate the slope m
and intercept b in the Ball-Berry approximation for expressing the response of

stomatal conductance g, to environment (Ball et al., 1987):

Here, h, and C, are, respectively, the relative humidity and CO, mixing ratio
interpolated to the leaf surface, beneath the leaf boundary layer. Many leaves were
sampled repeatedly under varied conditions of PAR irradiance, air humidity, and air
temperature to obtain varied values of 4, A, and C,; data were used only when the
conditions were stable long enough (2 min or longer) to enable g, to reach steady
state. One can equate two expressions for the leaf transpiration rate E to derive an
expression for A,:

h = ea/esat(T'L)+ gs/gb
: l+gs/gb

where e, is the water vapor pressure, e,,, (T,) is the saturated vapor pressure of water

at leaf temperature 7, and g, is the leaf boundary-layer conductance. Then, one has
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where C, is the measured CO, partial pressure (or mixing ratio) in the cuvette air and
g,'=0.72 g, is the boundary conductance for CO, rather than for water vapor. The
value of A4 is reported directly by the LI-COR system program. An independent
measurement or estimate of the leaf boundary-layer conductance, g,, is required to
estimate A, and C,. Such a measurement is readily made with a wet surface of filter
paper equal in size to the leaf being measured. To avoid having to make frequent
measures of g,, it suffices to scale g, as the square root of the leaf long dimension

(along the air flow in the cuvette), using established scaling laws (Nobel, 1991).

Translation of Ball-Berry parameters
to free-air conditions

The values of 7, e,, C,, and C,; obtained from gas exchange measurements are
used in order to obtain the Ball-Berry parameters. However, important changes in
these variables may occur when we place the leaf in the cuvette, where the energy
balance components may differ from those at free air to which the leaf had
acclimated. There are two extreme assumptions one can make about the
responsiveness of g.. First, perhaps g, acclimates rapidly (in approximately 15 s),
such that one should use 4, h,, and C, computed for conditions in the cuvette.
Second, g, acclimates siowly and is nearly fixed at its value that is acclimated to
free-air conditions. However, 4, A, and C, can change significantly from free-air to
cuvette conditions. For this is the case, one must measure windspeed u, water-vapor
pressure e,, and C, in free air (for a run of several minutes prior to gas-exchange

measurements) and then compute 4, A,, or C, in free-air conditions. We assume that
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the leaf photosynthetic capacity ¥_,.., and g, are unchanged upon inserting the leaf
into the cuvette. We first correct or translate ¥, from its value at leaf temperature
in the cuvette to its value in free air, using the standard temperature-dependence

function of ¥, (de Pury and Farquhar, 1997). We then solve for C, the equation for

CO, transport into the leaf,
1 1
C,-Ca-A( '+—,) .............................................................................. (10)
gs gb

where g.' = 0.62 g, is the stomatal conductance for CO,. Notice that we need to
estimate g, in free air from wind velocity at free-air conditions and leaf dimensions in
order to calculate g,". To get an equation for C,, we express 4 in terms of C, and the

kinetic parameters of carboxylation (Farquhar et al., 1980):

C-T 1 1
C=C-|Vep ——4R (—,+——,) ......................................... an
[ G+ Ke d] g &

This is an implicit equation in C,, and upon multiplying by (C; + K,), we
obtain a quadratic equation for C; . With the value of C, that satisfies this equation,
we then compute 4, h,, and C, for initial or pre-insertion conditions. The quadratic
equation solved in this way holds for light-saturated assimilation only. A more
general equation can be derived by using the full equation (3) for assimilation,

combined with equations (1) and (10). This produces a quartic equation for C,; which
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is readily solved by binary search, choosing that root closer to measured C; from gas

exchange.

Statistical and functional significance
of physiological parameters

The observed variations of m, b, and V_,.,.”’ among seasons and species were
analyzed in order to determine their statistical and functional significance. From the
statistical point of view, the purpose was to obtain representative values and good
predictors. From the functional point of view, the idea was to determine how those
variations affected or controlled the fluxes of water (transpiration, E) and CO,
(assimilation, 4), so we can determine which of these parameters should be measured
most accurately. We also considered important to analyze the type of response of E
and A to the variations of m, b, and V,,...”. A nonlinear response, for example, would
indicate that both averages and variances would be significant or necessary for a
proper description of parameters in a simulation process. On the contrary, a linear
response would indicate that it suffices to use only average values (Gutschick et al.,

2001).

The canopy flux model

We used a canopy flux model to simulate the responses of 4 and £ to the
variations of physiological parameters. The model predicts the distribution of
environment, especially light, around leaves in the canopy, computes leaf 4 and E at

many representative locations, and then composes 4 and E at the tree and stand level
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(see chapter 4). For leaf gas exchange, the model includes the Ball-Berry model of
stomatal control (Ball et al., 1987), an assimilation model (de Pury and Farquhar,
1997), an equation to solve the leaf energy balance, and a submodel for the
distribution of irradiances on leaves. Parameters for leaf response include m, b, and
V.- The transport of light, heat, and water vapor through the canopy are
described by weather data, leaf area index or foliage density, as well as other
variables describing the structural characteristics of the canopy. Canopy structure
determines the geometry of light interception and the distribution of irradiances on
leaves due to differences in leaf position and orientation (see chapter 3).

Due to differences in the canopy structure of the two species considered in
this study, two different versions of the flux model were used to test the variability of
physiological parameters, one for tamarisk, and one for cottonwood. This was so
because the geometry of light interception in the stand of cottonwood trees is more
complex than that in the stand of tamarisk trees, which are located in a closed pattern
composing a layered canopy. Consequently, the cottonwood version includes a more
elaborate scheme for the calculation of irradiances on leaves, specially for the
sampling of leaf locations and the calculation of light penetration probability.
Sampling of leaf locations into an individual tree is affected by tree geometry, this is,
the size, shape, and orientation of the tree canopy. Light penetration probability is
calculated as a function of the sun path length into the canopy which is affected not

only by the tree geometry but also by the geometry and location of neighbor trees
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(See chapter 3). These differences in structure between species constitutes another
factor interacting with the physiological parameters m, b, and ¥, __* over the control

of fluxes.

Results and Discussion
Two species at two different seasons were sampled to determine the
physiological parameters V,,,.,”, m, and b (photosynthetic capacity and Ball-Berry
parameters) controlling the stomatal conductance and the fluxes of water and CO, at
the Bosque del Apache. The measured parameter values showed important variations
and some tests were performed to analyze the statistical and functional significance

of such variations.

Tests for patterns in photosynthetic
capacity

As a first test, the variability of 7, ..” (referred to 25 °C) between seasons
and species was analyzed as a factorial experimental design using the SAS procedure
proc ANOVA, (SAS Institute INC., 1992). Average ¥, ...’ by species and seasons
are shown in Table 1. Significant differences (a = 0.05) were observed between
seasons, with lower values in 1998. We attributed these differences to the fact that in
September 1998, the leaves were at the beginning of their senescence period, which
affected considerably their photosynthetic capacity at that time. The interaction

seasons-species also resulted significant (a = 0.05).
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Table 1. Comparison of average V_ % (umol CO, m?s") by species and seasons

Species Cottonwood Tamarisk Average
Seasons

1998 (September) 57.2a(25.8,33)* 62.5a(35.3,27) 598a
1999 (June) 114.0b(45.9,30) 86.0b(31.4,30) 1000b

aand b letters are used to compare mean values between seasons
* (standard deviation, number of leaves sampled).

Tests for patterns in the Ball-Berry
parameters

The Ball-Berry model is an empirical one, whose validity has been disputed
(Aphalo and Jarvis, 1993); alternative forms have been proposed (Dewar, 1995;
Leuning, 1995). The value of the Ball-Berry model is seen in our study as being a
predictor of g, at least as good as the other models (above), while being more robustly
parameterized, having only two adjustable parameters, whose values appear to be in
narrow ranges for species of very different functional types (Ball et al., 1987; Collatz
etal, 1991; de Pury, 1995; Leuning, 1990; Schultz and Lebon, 1995). The Leuning
model (Leuning, 1995) has the form

_ A oo tss st sesmeeseseses e s (12)
& =M Doy P

where g,, 4, m, and b, are the same variables described for the Ball-Berry model, D is
the water vapor pressure deficit (e, - €,), C,’is C, - I', and D, is a third empirical

constant in the Leuning model.
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First we tested the Ball-Berry model to see if it provides a good fit to sets of
experimental data of g, obtained under different environmental conditions for the two
studied species. A purely statistical test is that the fits are statistically significant for
both single leaves measured with open-mode gas exchange, and ensembles of leaves
measured by closed-mode gas exchange. We also compared the Ball-Berry and
Leuning models in terms of their capacity to adjust the same experimental data.
Results showed a similar fitting capacity for both models (similar R? and p values)
(Table 2). The Leuning model had good fits when D, was adjusted to be either very
small, with g, then proportional to 1/D, or very large, indicating no response of g, to
humidity.

A factorial analysis was also applied to the Ball-Berry parameters in order to
analyze the observed variability of the slope m and the intercept b by seasons and
species. The proc ANOVA (SAS Institute INC., 1992) was also used to perform this
analysis. According to the results, there were significant differences (a=0.05)
between seasons for both parameters. The effect caused by the interaction seasons-
species also resulted significant (a=0.05). However, as in the case of V.7, these
results were highly influenced by the progressive leaves' senescence occurred in
1998. Leaves' senescence affected mainly tamarisk trees, which showed a lower
average value of m and a higher average value of b (Table 3). In 1999, when leaves
were never senescent, tamarisk had a significantly higher m value than cottonwood

(Table 3).
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Table 2. Gas exchange data fitting

Species Ball-Berry Leuning

(season) Method m b R p m b D, R’ P
Cot(98) closed 12.34 0.067 0.767 0.010 444 0.058 100000 0.513 0.070
Cot(98) closed 10.82 0.066 0.997 0.034 5.23 0.012 10000.0 0.999 0.008
Cot(98) opened 4.81 0.115 0.938 0.001 323 0.115 71.0 0.936 0.002
Tam(98) opened 6.74 0.129 0.797 0.042 1913.0 -0.038 0.1 0.760 0.054
Tam(98) opened 3.77 0.090 0.866 0.001 31334 0.101 0.1 0.767 0.004
Tam(98) opened 3.01 0.171 0.661 0.008 1.89 0.153 10000.0 0.698 0.005
Cot(99) closed 10.42 0.035 0.879 0.000 1396.0 0.026 0.1 0.906 0.000
Cot(99) closed 9.45 0.022 0.843 0.003 1056.0 0.055 0.1 0.708 0.018
Cot(99) closed 8.33 0.057 0.952 0.001 1209.0 0.045 0.1 0.950 0.001
Cot(99) closed 6.69 0.092 0.872 0.001 938.0 0.101 0.1 0.926 0.000
Tam(99) closed 21.69 0.020 0.782 0.001 3572.0 0.048 0.1 0.625 0.011
Tam(99) closed 17.66 0.044 0.991 0.000 14.39 -0.097 106.0 0.986 0.000
Tam(99) closed 12.82 0.101 0.960 0.001 19.81 0.109 13.0 0.923 0.002
Tam(99) closed 12.51 0.128 0.753 0.002 10.27 -0.003 161.0 0.737 0.003
Table 3. Average m and b values by species and seasons

Season 1998 1999

Species m b m b
Cottonwood 9.32 a* 0.083 a 8.72b 0.051 a
Tamarisk 4.51a 0.130 a 16.17 a 0.073 a

* a and b are used to compare m and b values between species
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As it was observed in a previous study (Gutschick et al., 2001) with different
species, the parameters m and b adjusted over different ranges of the Ball-Berry

index (4*h/C,) appear to be correlated:

with a slope S, of -0.0174, and an intercept b, of 0.203 for cottonwood in 1999
(r=0.910, n=4, p=0.090); S, of -0.01101, and an intercept b, of 0.2512 for tamarisk
also in 1999 (r=0.931, n=4, p=0.035). This correlation plays an important role in the
functional significance of the variations of these parameters over the control of E and
A fluxes.

As we could see in the results presented so far, the observed variations of
physiological parameters were only partially explained by the strategy of grouping by
species and seasons. Plant senescence occurred in 1998 marked the main
differentiation effect between seasons. And for 1999, tamarisk had a higher m value
than cottonwood. Therefore, we considered important to estimate the functional

significance of such variations by analyzing how they affect the £ and 4 fluxes.

Importance of physiological control
In order to evaluate the importance of physiological control over transpiration

(E) and assimilation (4), we estimated the control coefficients of g, over the E and 4
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fluxes. These coefficients quantify the relative change in 4 or E for a given relative

change in g, (Kacser and Burns 1973; Stitt 1994):

_dd/4 _ din(4) c . dE/E _ dln(E)
dg./g, din(g,) ° " dg, /g ~ din(g,)

C,

We ran the flux model for both species and for a two week span (June 14-27,
1999). Input data were the average values of m, b, and V_,,.” presented in Tables 1
and 3 for each species, together with weather data and the structural characteristics of
the canopy. For tamarisk, the main structural characteristic is the leaf area index,
while for cottonwood, the model requires also the geometry (size, orientation, and
position) of the canopies of a main central tree and the surrounding neighbor trees.
Control coefficients were calculated numerically by rerunning the model at each time
step with g, increased by 10%. Control coefficients were also calculated for the
whole period of simulation of two weeks, for control over time-integrated fluxes.

The amount of control exerted by g, over E was similar in both species (Figs 1
and 2). Values of C, showed the same range during daytime for both species (Table
4). In contrast, g, exerted a considerable lower control over 4 and it was different
among species (the same was observed for different species and environment by
Gutschick, et al. 2001). Values of C, had a wider range in cottonwood than in
tamarisk (Table 4). The overall C, value obtained over the time-integrated E flux
was high in both species, indicating an important control of stomatal conductance

over transpiration. The low values observed for the overall C, coefficient in both
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species showed a modest but still important control of stomatal conductance over
assimilation. Another observed characteristic was that maximum C; values occurred
at times of minimum transpiration and vice versa. In contrast, maximum C, values

arose simultaneously with maximum assimilation rates (Figs 1 and 2).

Table 4. Observed values of the stomatal control coefficients by species

Control Species
coefficient Cottonwood Tamarisk
Average daytime C; range 0.53-0.93 0.53-0.93
Average daytime C, range 0.01-0.33 0.007-0.13
Overall C, 0.67 0.67
Overall C, 0.22 0.08

Description of stomatal control

Some key parts of the stomatal response were evaluated in order to show the
importance of a proper description of physiological control. The flux model includes
logical switches that allow to eliminate the effects of the variation of individual
factors in the Ball-Berry equation of stomatal control (Eq. 7). Factors such as
humidity (h,), assimilation (4) or both can be assumed constant, replaced by mean
values. We first evaluated the effect of canceling the variation of 4, over the time-
integrated assimilation (4,,) and the water use efficiency coefficient (WUE) achieved
during the fourteen days of simulation. The mean A, value was forced to get the same
time-integrated transpiration (E,,) or water use during the same period of time. With
h, canceled, A, increased only 0.4 % for cottonwood and 0.04% in tamarisk,
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remaining practically unchanged together with WUE. Similar results were obtained
for a cool temperate forest by Gutschick, et al. (2001), corroborating that stomatal
conductance responds more to mean long-term variations of 4, than to detailed
variations of such variable during the day.

Simulations with the variation of both &, and 4 removed were also performed
by assuming a daytime mean value of stomatal conductance, independent of
environmental conditions. Removing the effect of these two factors almost reduces
the stomatal control to that performed by a Penman-Monteith type model (Monteith
1963). We first forced the mean g, value to get the same water use (E,,), and we
obtained a drop in both 4,,, and WUE of 11.8% in cottonwood and 5.2% in tamarisk.
On the other hand, when we forced the mean conductance to get the same
assimilation (4,,), we obtained an increase of 22.3% in E,,, for cottonwood and 23%
in tamarisk, and the same percentages of reduction in WUE. These results show the
importance of the variations of 4 and A, defining g, through the Ball-Berry model.
Notice that it is possible to calibrate the Penman-Monteith model to give E,,
accurately as daily or seasonal totals. However, with the physiological description of
stomatal control, it is possible to predict the stomatal conductance in advance, as a

response to environmental changes.

Response of fluxes to physiological
parameters

Additional runs of the flux model were done to evaluate the importance of

obtaining physiological parameters accurately. Different combinations of V.;m”- m,
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and b were tested to analyze the type of response in average E and 4 per day during
the reference simulation period (Jun. 14-27, 1999). Values of V_,.” and m were
chosen in different combinations within the observed ranges while b was calculated
in terms of its correlation with m (Eq. 13), so that the responses in E and 4 can be
presented in three-dimensional plots (Figs 3-6). The carbon flux, 4, had a strong
linear dependence on V_,...” and it was almost insensitive to the variation of m in
both species (Figs 4 and 6). The correlation of m with b had an important role in
these results because without it the results would be remarkably different and the
observed linear dependence between m and the £ and 4 fluxes would be lost
(Gutschick 2001). Transpiration, E, increased with ¥, > in both species, and it was
almost insensitive to m in tamarisk (Figs 3 and 5). On the other hand, E reduced with
m in the cottonwood species; however, this effect was more due to the reduction of b
than to the increase of m according to the correlation stated between these two
parameters.

The results in this section agree with those presented for a cool, temperate
forest by Gutschick, et al. (2001). They demonstrate the linear dependence of E and
A fluxes on the physiological parameters m, b, and V_,...”’, and consequently, justify
the use of average values of such parameters in the simulation process to predict E
and 4. The results also show the higher sensitivity of E and 4 to the variations of
V. e’ than to the variations of m, and hence, the relevance of this parameter over the

c.max

stomatal control of fluxes.
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Conclusions

Physiological control of transpiration and assimilation in the two studied
species was well described by the Ball-Berry model of stomatal control. The
accuracy of the fitting process performed for obtaining the parameters in this mode!
resulted superior to that performed in the Leuning's model of stomatal control.

The parameters m, b and V, .. ” involved in the physiological control of
fluxes showed important variations between seasons and species, and in the case of
V. na’» among trees of the same species. Significative differences between seasons
were detected for m and V..., with V_,..” being lower in 1998 for both species,
and m being also lower in the same year for the species tamarisk. However, this
effect was caused by the condition of leaf senescence occurred during the
experimental measurements in 1998. In the year 1999, only the parameter m showed
significative differences between species, with a higher value for the species
tamarisk, indicating that this species responds with a higher stomatal conductance in
relation to the species cottonwood under the same environment.

Control coefficient of stomatal conductance g, over the integrated
transpiration flux resulted considerably higher than that over the integrated
assimilation flux. This showed a higher dependence of transpiration on the variations
of g,, and a stronger propagation of errors over this type of flux in the modeling of g,.

The low response of g, to the variations of air humidity during the day,
previously observed at the Chequamegon National Forest (Gutschick, et al. 2001),

was corroborated at the Bosque del Apache. This effect was explained as a

32



consequence of the control coefficients for £ and A peaking exactly out of phase, and
the proper representation of stomatal response by the Ball-Berry model. The effect
demonstrates that g, responds more to changes in the long-term mean values of
humidity than to detailed variations of humidity during the day.

The predicted E and A4 fluxes had a markedly linear response to the variations
of the physiological parameters m, b, and ¥, ,.” when the correlation between m and
b was used to estimate b, justifying the use of average values of such parameters in
the simulation process to predict E and 4. The predicted £ and 4 fluxes also had a
higher sensitivity to the variations of V,,.,”’, showing the relevance of this parameter

over the stomatal control of fluxes.
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CHAPTER 3

DISTRIBUTION OF IRRADIANCES ON LEAVES FOR THE MODELING OF
CANOPY TRANSPIRATION
Abstract
In support of the water manageﬁ of the Middle Rio Grande, a physiological

model has been developed as a tool to predict transpiration in the riparian species
cottonwood (Populus fremontii) and tamarisk (Tamarix ramosissima). The model
includes the Ball-Berry model of stomatal control, an assimilation model, a steady
state equation for leaf energy balance, and a light distribution model. Light is an
important component in this approach for being the main driving force for
assimilation, and for its energy effects over transpiration. It also exerts an indirect
effect over transpiration through the Ball-Berry model of stomatal control. Light
interception is affected by several sources of variation such as the shape, size, and
orientation of the canopy, the leaf area, and the leaf angles. However, most
assimilation and transpiration models use canopy-averaged values of
photosynthetically active radiation (PAR) as incoming energy, limiting the accuracy
of the predictions. Therefore, the goal of this study was to construct and test a simple
model of light interception at the leaf level in two species with different canopy
structure, as a way to get accurate parameters for simulating branch and tree
transpiration. The model estimates direct and diffuse PAR at the top of the canopy,

and computes the fraction of light reaching a particular leaf, according to its depth

36



into the canopy, its orientation, and to the principles of light attenuation. Light and
transpiration were measured at specific branches with a photodiode system and a heat
balance sapflow system, respectively, in order to compare these data with the
corresponding predictions of the light and transpiration models. Measured and
predicted light at the instrumented branches showed similar trends through time. The
shape of these trends systematically and explicably varied with the position of each
branch into the canopy. A close agreement was also observed between measured and
predicted transpiration in both species. The transpiration model was even capable of
predicting some particular effects such as the transpiration depression occurred at one

particular day due to stomatal control.

Introduction

Uncertainty about water fates at the Middle Rio Grande motivated a
multidisciplinary effort to quantify evapotranspiration of riparian species, particularly
cottonwood (Populus fremontii) and tamarisk (Tamarix ramosissima) at the Bosque
del Apache, near Socorro, NM. One of the participating teams decided to apply an
approach based on measured physiology for the modeling of transpiration at the leaf
to tree scale. Included in this approach is the Ball-Berry model of stomatal control
(Ball et al., 1987) which considers assimilation as an important scaling factor to
estimate leaf stomatal conductance. Thus, the approach also includes an assimilation

model (de Pury and Farquhar, 1997) describing the photosynthesis-light response of

37



single leaves, an steady state equation for leaf energy balance, and as a component of
main focus here, a submodel for the distribution of irradiances on leaves.

In addition to the energy effects of light over transpiration, distribution of
irradiances on leaves plays an important role in this study given the indirect
relationship between transpiration and assimilation through the Ball-Berry model of
stomatal control. As in most canopy photosynthesis models, canopy assimilation is
calculated from the amount of incoming photosynthetically active radiation (PAR).
However, the use of a canopy-averaged value of PAR would overestimate
assimilation because of the nonlinear photosynthesis-light response (Spitters et al.,
1986). Consequently, it is necessary to take into account the spatial and temporal
variations of PAR into the canopy.

There are several identified sources of variation affecting the light
interception into a canopy. Most of these are related to the structural characteristics
of the stand, for example, canopy shape and size, canopy orientation, leaf area, and
leaf angles (Campbell and Norman, 1989; Herbert, 1991; Hilbert and Messier, 1996;
Somprach, et al., 1997). Other sources of variation are associated to the amount and
type of available light, for example, the separation between diffuse and direct
radiation due to their different attenuation in canopies, and between visible and near
infrared wavelengths due to differential absorptance by leaves (Spitters, 1986;
Gutschick, 1984; de Pury and Farquhar, 1997). All sources of variation defining the
geometry of light interception shape the diurnal course of transpiration and its mean

value.
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Several computer models of light interception have been developed for both
full and partial covering canopies. They depart from the Beer's law of light
attenuation and differ by the way in which they consider the sources of variation
above mentioned, specially those related to the canopy structure. There are whole
canopy models, canopy section models, and canopy layer models that simplify the
canopy structure (Johnson and Lakso, 1991). However, light interception in
individual leaves is rarely done. Therefore, the objectives of this study were: (1) To
develop a simple model of light interception at the leaf level in two species with
different canopy structure, as a way to get accurate parameters for simulating branch
and tree transpiration, and (2) To test the accuracy of the model with measured

experimental data of light interception.

Materials and Methods
Basic theory of light attenuation
The estimation of the amount of light reaching a particular planar area in a
canopy is based in the Beer's law of light attenuation which for a layered canopy is

expressed as

where [, is the.light intensity above the canopy, [ is the light intensity bellow a leaf
area of L, and KX is the light extinction coefficient representing the fraction of L

projected towards the source of radiation (Anderson, 1964; Campbell and Norman,
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1989; De Pury and Farghuar, 1997; Johnson and Lakso, 1991; Norman and Welles,

1983). In a canopy of arbitrary shape, this equation has the form

I = I et semeseseees s s e s ese e eene (16)
with
k= |cos0,_,| f, - cereressie st ae s bt s e e asasananennsssnasserens an

where § is the sun path length or distance that a sunbeam must pass through the
canopy, and & is the product of the average cosine of the angle between leaf normal

and sunbeam direction §,, with the foliage density f.

Direct and diffuse PAR light
reaching the canopy

Direct and diffuse photosynthetically active radiation (PAR) reaching the
canopy were estimated from hourly data of total energy flux density in the shortwave,
measured on a horizontal surface. Approximately half of this energy is in each band,
PAR and NIR (near infrared). Quantum flux density in PAR can be further estimated
by considering an average wavelength of 550 nm in the PAR band, and the
corresponding energy per quantum of 220 kJ per mole of photons. The average total
of diffuse (D,,) and direct (/,,) radiant flux densities, projected onto horizontal
surfaces, were estimated by assuming that each hour has a fraction of clear time
(P_.er) With both direct and diffuse light present, and a cloudy fraction (/-P,,,,) with
only diffuse light:
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PAR= P, [1cos(8,)+ Dy |+ (1= Py )Dpy  woerrrrrrrrin (18)

where 6, is the solar zenith angle computed from local latitude, Julian date, and solar
time. Initial estimates of I, and D,, were used to estimate P, from Eq. (18). In
exceptionally clear skies, this may give P_,,, >1, which is impossible. We then set
P, =1 and recalculate I,,, assuming that D, is not changed. If /,, in implausible
large (greater than the initial estimate), we reset it to this initial estimate and put the

extra flux density into D,,:

Dyy = PAR = Ipy *COS(6,) ooneeerticnrerirseicscsnnsncsnssesessinssssnscnsens (19)

With thicker clouds, on the other hand, we may have /,, = 0 and D,, less than the
initial estimate for scattering only by air molecules and modest aerosol. With D,,
taken as max value, we would calculate by error P, <0. Therefore, we need to
adjust D, by setting P, =0, I,,= 0, and D,, = PAR. Another problem is the
measurable diffuse skylight before the sun rises or after it sets. Here, cos(6,) <0 and
we will get strange answers. A simple fix for this is to set again P, =0, [,,=0,

and D,, = PAR.

Selection of leaf locations in the canopy
A series of locations into the canopy was chosen in order to estimate the

probability of light penetration as an initial step to predict the amount of light
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intercepted by a leaf at each location and the distribution of light interception through
the canopy. For the ellipsoidal canopy of a cottonwood tree, locations were chosen at
a nested series of points whose coordinates were defined by the radial distances from
the center of the tree canopy, and by the zenith and azimuth angles from the main
canopy axes and their orientations. A total of 125 points, resulting from the
combination of five radii, five zeniths, and five azimuths were selected for the
simulations. The chosen points were evenly spaced in volumetric terms by
describing sectors and concentric layers of equal volume into the canopy. Stand
geometry in tamarisk is simpler than cottonwood because trees are located in a closed

pattern; therefore, we simulated tamarisk as a layered canopy.

Light penetration probability

Differences in canopy structure between cottonwood and tamarisk required
different strategies to predict light penetration probability (P,,,) at any chosen
location. In tamarisk, we estimated P,,,, from the accumulated leaf area index (L) ina
series of canopy sub-layers delimited by uniform fractions of L. At a given depth L

in the canopy, a direct solar beam penetrates with a P,,, value of

P = e—o.s L/cosé, (20)

Pen T ceetciccniescerctetisctctettntetcenecttttttacetanttsstnerttanccrstcsscnestnssetanscane

where the constant 0.5 represents the average extinction coefficient (k) for a uniform
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distribution of zenith angles. For diffuse light we used the approximation suggested
by Gutschick (1984):

In cottonwood, P,,, for both direct and diffuse light is calculated as a function
of the sun path length (Eq. 16) through the canopy of a central tree (an instrumented
tree) and the canopy of neighbor trees. Sun path length for a direct sunbeam is not
only affected by the stand geometry but also by the solar position at each day and
time. It is estimated with a special routine adapted from the procedure applied by
Norman and Welles, (1983) to an array of vertical and either spherical or ellipsoidal
tree canopies with uniform tree size. We extended the analysis in our routine for
trees varying in size, location, and canopy orientation. The computer program
searches numerically for canopies in the sun beam direction by traveling along the
sun beam from each chosen point in the canopy towards the top of the array of tree
canopies. Finite increments in distance are used to travel the sun beam direction and
accumulated as sun path length when they are detected to be into a particular tree
canopy.

The diffuse skylight is composed of beams arriving from different directions
or solid anglgs, and only a fraction (f;,,) of D,, penetrates to a particular leaf at a
given location. This fraction is the portion of the sky "seen" from each leaf location
and is calculated as the average penetration probability (Eq. 16) obtained by sampling
25 beam directions resulting from the combination of five sky zenith and five sky
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azimuth angles uniformly distributed around the sky hemisphere. Computation of the
diffuse skylight is independent of the time of the day, assuming uniform flux density

across the sky (deviations are discussed by Anderson, 1964).

Distribution of irradiances on leaves

Once the amounts of direct and diffuse light available at the top of the canopy
(Zog» Dyo) are defined, as well as a way to estimate the corresponding P, values at
each chosen leaf location, it is necessary to predict the irradiance, direct plus diffuse,
reaching each leaf location into the canopy. This is the same that predict how
sunlight is distributed on leaves of various depths and angular orientations. Direct
and diffuse beams attenuate differently with depth into the canopy. A direct beam is
either present at full strength or absent, and there is a probability of being present
(P,., at this location). Contributions of the diffuse skylight from various solid angles
arrive probabilistically, but the total has a narrow statistical distribution (Gutschick,
1984). Thus, we consider it as arriving deterministically with the same value for all
leaves of all orientations at any given location. This value is the penetration fraction,
Ju&,» multiplied by the diffuse-light flux density at the top of the canopy, D,,.

Leaf orientation is characterized by its zenith (6,) and azimuth (¢,) angles and
has an important effect on the irradiance being intercepted at each leaf location. For
a given leaf orientation, the leaf receives both direct and diffuse light, with a

probability P,,,, or only diffuse light, with a complementary probability, 1 - P,,,.



Therefore the leaf irradiance (,) can be calculated as

I, = Tog COS(O5)+ Do [y, wevereerreeersssmersseisssssssessssssssnsesmsesssssssssnsassssasssses 22)
with probability P,,,, and
I, = D, ghy  eeresssssssscessessassstsissessssssssansstessssesensssssasssassensanss (23)

with probability 1-P,,. Here 6,, is the angle between leaf normal and direct-beam
direction calculated via spherical trigonometry. Equations (22) and (23) also indicate
that a fraction P, of the leaf area of this orientation class receives both direct and
diffuse light, and that the rest of the leaf area (/ -P,,,) receives only diffuse light.

The occurrence of a particular leaf orientation has also an associated
probability. Therefore, the computation of /, requires a combined sampling of
probabilities of direct-beam penetration due to differences in canopy locations, and of
leaf orientations over the ranges of both 6, and ¢,. In many plant canopies, this can
be simplified for a uniform distribution of 4, and ¢,. Consequently, there is a uniform
probability of a leaf in direct beam seeing any irradiance between D,, for a leaf
oblique to beam (no direct beam), and a maximum D+, for a perpendicular leaf
(Gutschick, and Wiegel, 1984). So, instead of sampling over §, and ¢,, we can
sample directly over /;,. Then, we can construct a histogram of /; in the range of D,
to D,, +I,, and subdivide this range in bins or categories in order to accumulate the
fraction of leaf area, or the leaf area itself, that experiences each category of
irradiance.
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Modeling branch and tree transpiration

A flux model that includes the submodel of light interception above described
was used to predict branch and tree transpiration (see chapter 4). The model
computes leaf transpiration per leaf area, E, , at different locations in the canopy and
composes the average transpiration for the whole tree and the stand of trees. In order
to be compared with measured transpiration flux, E; , was multiplied by the total leaf
area on the branch, obtained by destructive harvest at the end of the experiments, with
all leaves being passed through a leaf-area meter. At each position and leaf
orientation, the model estimates E, ; as a function of irradiance; air temperature,
humidity, CO,, and windspeed; estimated thermal-infrared energy flux densities from
sky (at effective radiative temperature of air temperature minus 30 °C, appropriate for
dry climates) and vegetation plus soil (at effective radiative temperature equal to air
temperature); and leaf physiological parameters V.., m, and b. Air humidity and
temperature values at the weather station location were corrected by the self
humidification of the canopy by whole-stand transpiration (see chapter four), to
translate these conditions to the leaf location. Windspéed has a simple logarithmic
profile in free air near the weather station and a nearly exponential behavior inside a
canopy (Sellers et al., 1989; Sellers, et al., 1996a,b). Windspeed values from the
weather station were simple translated to those at the leaf location. A computer
program, coded in FORTRAN language, solves simultaneously the three determining

equations: leaf energy balance, for steady-state leaf temperature (a function of total



shortwave irradiance, thermal irradiance, stomatal and boundary-layer conductances,
air humidity and temperature); CO, assimilation (a function of ¥, and two other
irradiance-response parameters, leaf internal CO, concentration, leaf temperature, and
estimated dark respiration); and stomatal conductance (the Ball-Berry model as

described in chapter 2).

Light interception measurements

Light interception by representative sets of individual leaves on branches was
measured in cottonwood and tamarisk trees for 11 days in 1998 and 12 days in 1999.
To meet the objectives of this study, these measurements were used in two ways: first
to evaluate the accuracy of the light interception model here presented by comparing
measured and predicted data; and second, to compare whole-branch sapflow to that
estimated from modeled responses of all leaves on a branch. Thus, we selected
individual branches that had diameters within the range allowable for our
heat-balance sapflow gauges (Senock and Ham, 1993), namely, 0.7 - 2.5 cm. In the
cottonwood stand, the branches were also chosen for having relatively simple and
unambiguous light-interception geometries (no shading by nearby branches that was
highly selective for subsets of leaves; thus, a sparse sample of leaf irradiances could
be considered representative for the whole branch).

On each chosen branch, we attached 4 -16 small photodiodes in the leaf
centers. The diodes were affixed to the leaf by passing their electrical leads through

the leaf blade, spanning the midvein. In tamarisk trees, the leaves are too small to
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allow attachment of light sensors to individual leaves. We placed sets of 3
photodiodes on stems at randomly chosen heights, with the diodes in 3 directions, one
facing up in the stem direction, and the other two at 90° from the stem and 180° apart
one from the other, thus sampling the light available tc most leaves, which are nearly

erect.

The Photodiode system
The photodiodes had light diffusers to attain near-perfect cosine-law

acceptance of irradiance at all angles of incidence. They also had Wratten 81B filters
under the diffusers, to closely equalize the quantum response at all wavelengths in the
approximate range 400 - 670 nm (the range 670-700 nm was left unsampled because
the diode response falls sharply in this range; only Si photocells with heavy glass
filters can sample the entire 400 - 700 nm range accurately). Small annuli of ordinary
nail polish were applied around the base of each photodiode to seal out dew and
rainfall, avoiding artifactual diminution of their signal currents. Lightweight electrical
leads led to a junction box, thence to a signal-digitizing and recording system. This
system uses the basic principles described in Gutschick et al., (1985). The
photodiode currents are input to standard current-to-voltage converters based on
operational amplifiers with zero voltage difference between leads.

The current system, used after June, 1999, is modified from that in Gutschick

et al. (1985) to be smaller, lighter, of lower power demand, and more accurate with
[

48



easier calibration. Simply, all photodiode inputs (up to 32) are multiplexed via
low-resistance multiplexer IC's to go into a single current-to-voltage converter
operational amplifier (op amp). We use chopper-stabilized ICL 7650 op amps for
exceptionally low spurious voltage readings at zero input (offsets) and stability
against temperature changes. The op amp output is digitized by an A/D converter
within a very small single-board computer (Domino; Micromint, Inc.) that operates
on SVDC. The computer chip also controls the multiplexers, running through the
queue of photodiode inputs on a time schedule set by the user.

The control program in the Domino computer is programmed in BASIC-52.
The Domino writes its readings to its own serial port. These readings are captured
via a simple "terminal"” communications program running on a small palmtop
computer, a Psion Seriés S. This palmtop has sufficient RAM (6.6 MB free) to
capture about 2.4 million individual irradiance readings. The whole system has a
maximum sampling speed near 32 samples per second (the need for settling of the op
amp output sets the minimum sample interval). To enable capture of readings at
9600 baud, the digitized readings are printed as 2-character strings in base 64, using
printable ASCII characters with codes from 48 to 111 for each digit, allowing up to
64**2 different irradiance levels to be discriminated. Computed irradiances,
averages, autocorrelation functions (to estimate irradiance variability), etc. are
computed out of the field only. A complete operations manual for this system is

available from the authors.
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Branch sapflow measurements

The sapflow gauges used here were manufactured (ICE Corp., Manhattan,
KS; no longer available commercially) to the specifications of Senock and Ham
(1993). These authors describe the theory of energy balance to estimate mass
sapflow, essentially equating energy input, from a controlled electrical heater in the
center of the gauge axially, to the sum of energy losses due to conduction through
wood axially, conduction radially through surrounding insulation, and convection by
passing sap. The outputs or losses are measured by using two pairs of thermocouples
that sense temperature at 2 points above the heater and 2 points below. To calculate
sapflow, it is neoessary to know heater inputs (applied voltage, time on, and heater
resistance) and the 4 thermocouple temperatures. The temperatures are measured by
passing the thermocouple voltages to a 2-stage voltage amplifier (gain of 100 per
stage; ultra-stable op amps of type ICL 7650) and then to an A/D converter (on a
Domino single-chip computer). The Domino computer also controls the heaters (by
triggering MOSFET switches) and the multiplexers that choose signals for
amplification and digitization. The control program is written in BASIC-52. The
complete operational manual for this system is also available from the authors.
Sapflow rates are calculated typically once each 30 s and averaged for 15 min. Itis
necessary to calibrate the radial heat conductance of the insulation. Typically, this is
done by measurements done at nighttime, setting sapflow J to zero in the
energy-balance equation. Our tree species show significant stomatal conductance at

night, so that two methods are used instead: either severing the branch at the end of
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the experiment (to get /=0), or using a calibration obtained in earlier experiments,

which relates radial conductance to gauge diameter.

Stand geomeiry measurements

Modeling the distribution of light interception requires the specification of the
structural characteristics of the canopy. Consequently, a variety of complementary
measurements were performed to determine the geometry of the cottonwood and
tamarisk stands. Trees at the cottonwood stand are spaced at 7 m in a quasi regular
square pattern. We measured the tree crown profile in four cardinal directions for
two instrumented trees. We also measured the tree height, location, and crown size
of 44 neighbor trees affecting light interception. Average foliage density was
estimated with an optical plant canopy analyzer LAI-2000 (LI-COR, 1990; LI-COR,
1992) operated both within the canopy and from the ground on transects walked by
operators. In addition, the leaf area of the instrumented branches in both cottonwood
and tamarisk trees was measured with a leaf area meter after destructive harvest of
branches.

The shape of cottonwood trees was dominantly ellipsoidal (prolate) with an
average vertical axis of 7.0 m, a horizontal axis of 6.3 m, and a height of 9.5 m (mean
crown volume of 145 m®). The mean foliage density measured withing the canopy
of the two instrumented trees was about 0.7; therefore, this would give us a leaf area
index of 2.1 for the average tree, the same value obtained when measured with the

plant canopy analyzer for the stand of trees. The average plant area index (leaf area
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index plus stem area index) estimated with the plant canopy analyzer in the tamarisk

stand was 3.45.

Results and Discussion

Comparing measured and predicted
irradiances on tree branches

Only some of the measured irradiance data on tree branches were fully
processed due to some problems with the photodiode system during the experimental
measurements. Consequently, comparison between measured and predicted data was
only possible for some branches of the two instrumented cottonwood trees, two
branches in 1998, and three branches in 1999. Predicted irradiance data on tree
branches were generated by the flux model in terms of the specific branch locations
within the tree canopy.

Each branch was located in terms of the coordinates of its center with respect
to the center of the tree. These coordinates were estimated from the height of the
branch center and the zenith and azimuth angles that this central point makes in
relation to the major and minor tree crown semiaxis. Tree geometries and location of
each instrumented branch is presented in Tables 5 and 6 for 1998 and 1999,
respectively. Zenith angles were measured vertically from the top of the tree while
azimuth angles were measured from east in counterclockwise direction. Therefore,

the two branches in 1998 were located bellow the middle of the tree crown and in the
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SW quadrant. Branches in 1999 were located above the middle of the tree crown,

two in the SW quadrant, and one on the SE quadrant.

Table 5. Cottonwood tree geometries and location of branches instrumented with

light sensors in 1998

Characteristic Value

Tree shape ellipsoidal

Tree height 104m

gér&w& ?ajor 35m

sCer&vgu glinor 30m

Branch Zenith (°) Azimuth (°) height(m) x(m) y(m) 2z(m)
1 100 200 6.5 -2.04 -0.74 -0.38
2 120 240 59 -0.87 -1.50 -1.00

Table 6. Cottonwood tree geometries and location of branches instrumented with

light sensors in 1999

Characteristic Value

Tree shape ellipsoidal

Tree height 11.0m

Crown major 38m

semiaxis

Crown minor 32m

semiaxis

Branch Zenith (°) Azimuth (°) height(m) x(m) y(m) z(m)

number
1 50 220 9.1 -1.76 -148 1.93
2 50 250 8.2 042 -1.15 1.03
3 50 325 9.1 188 -132 193
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Measured and predicted branch irradiances showed important differences
through time (Figs 7 and 8). The origin of tiicse deviations was the considerable
difference between the real and the idealized or approximate geometry of the canopy,
especially near the edge of the tree crown where light interception by a particular
branch could be affected by gaps in the canopy, or by the presence of neighbor
branches as discrete clumps of leaves. Only the general trend of both measured and
predicted irradiances varied congruently during each day according to branch position
(Figs 7 and 8). In 1998, measured and predicted data described the expected daily
trend of irradiance for two branches located in the SW quadrant, with irradiance
gradually increasing after the morning, peaking late in the afternoon, and sharply
reducing at the end of the day (Fig. 7). Branch one intercepted more light at the end
of the day than branch two because it was located at a higher position and slightly
closer to the crown edge than branch two. In 1999, the third branch, located at
quadrant SE, had a daily trend of irradiance with an opposite shape to that showed by
the first branch located at quadrant SW (Fig. 8). The second branch was located
deeper in the tree crown and intercepted less light than the other two branches. It also
had a daily irradiance trend with a shape less skewed than the other two branches, a
trend expected for a branch facing almost south.

Some simple indexes of the daily trend of irradiance were calculated and
tested to quantify the similarity between measured and predicted data. They were the
daily integrated irradiance as an index of magnitude, the daily average time as an

index of position, and the average width of the daily trend as an index of dispersion.
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