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Abstract

Direct methods are effective for estimating transpiration in areas where the
water balance and vegetation characteristics are highly variable. Usually,
transpiration is calculated as a component of catchment evapotranspiration in spatial
modelling of water resources. This leads to uncertainty about the actual values of
plant transpiration and soil evaporation. Nevertheless, this information is important
for conservation and planning in sub-humid and arid areas where vegetation can take
up a significant amount of water. In this study, transpiration was directly estimated,
based on data from a sap flow and leaf ecophysiology measurement campaign
conducted in north-western Spain, in a semi-arid catchment where Quercus Ilex and
Quercus Pyrenaica are the dominant species. Estimations obtained with the
Penman-Monteith model were compared with sap flow transpiration estimations at
the tree, stand and catchment levels.

In order to identify tree species throughout the catchment, two methods of
classification were performed on a Quickbird satellite image. A procedure based on
supervised classification and object-oriented analysis proved to have greater
accuracy (0.80 overall accuracy, Kappa = 0.31, true accuracy between 0.75 and 0.84
at p 0.05) than a multi-criteria method using GIS (0.79 overall accuracy, Kappa =
0.23, true accuracy between 0.74 and 0.83 at p 0.05).

Sap flow measurements were scaled up using sapwood area and canopy area,
while Penman-Monteith estimates were scaled up using Leaf Area Index (LAI) and
the fraction of sunlit and shaded parts of the canopy. At the tree level, Penman-
Monteith estimations were closer to sap flow estimations when LAI was applied
using a “big leaf” model (RMSE = 296.2 cm’/h for Q. Pyrenaica and 542.6 cm’/h
for Q. Ilex, as compared with sap flow values) than using a simple 4-layer
representation of the canopy (RMSE = 430.2 cm’/h for Q. Pyrenaica and 8543.9
cm’/h for Q. Ilex). For a 1 Ha stand with 19 trees, the estimated transpiration was
0.148 m’/h with sap flow measurements, and 0.138 m’/h with the Penman-Monteith
model. Finally, at the catchment level, the sap flow estimation of transpiration was
494 m’/h and 11.92 m’/h with the Penman-Monteith model. Differences arise
mainly from the assumptions and generalizations taken for both estimations.

It is concluded that simple, direct methods (e.g. sap flow measurements, “big
leaf” upscaling procedures) are effective for transpiration estimation, but the
generalizations and assumptions associated with them are an obstacle for validation.
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1. Introduction

Water Limited Environments (WLE) are sub-humid to arid areas, where the
annual ratio of precipitation to potential evapotranspiration lies between 0.03 and
0.75 (Abrahams and Parsons, 1994). Given these dry conditions, the availability of
water is central for the functioning of ecosystems. The use of water by plants, also
called transpiration, plays a major role in the water balance of WLE and is thus of a
major importance in water assessments for conservation and regional planning.

Transpiration is a complex process that depends on variables that can be
difficult to estimate for different scales and under time/equipment/budget
constraints. This study revises common approaches to estimate transpiration at
different spatial scales, aiming to obtain a better understanding of the data
requirements and uncertainties associated with each, and their suitability for
different applications. Knowledge about the magnitude of water consumption by
vegetation will not only contribute to the improvement of water balance estimations
in WLE, but will also create awareness of the ecosystem services of vegetation,
unveiling opportunities for development and conservation in otherwise disregarded
arid areas.

1.1. Research motivation

The elements of the water balance that are particularly of interest in the context
of Water Limited Environments are recharge and evapotranspiration, which vary not
only temporally, but also spatially. Considering that these variables are affected by
soil and plants characteristics, the distributed water modelling in WLE requires
detailed information in order to represent the landscape, ecosystem functions and
water availability accurately.

The techniques for the estimation of evapotranspiration (hence, water and soil
evaporation and plant transpiration) are well known, but a challenge remains
regarding adequate parameters to represent it at different scales, given the plant- and
site-specific nature of the estimations. Methods based on remote sensing for
example, generally overestimate ET and there are difficulties in separating soil
evaporation from plant transpiration. As a corollary, indirect approaches to estimate
transpiration (and thus evapotranspiration) may not apply at all spatial scales. There
is the need to find reliable criteria to represent transpiration rates based on field
measurements at local and regional scales.

10



1.2 Objectives

General objective:

Compare the estimations of tree transpiration in a Water Limited Environment
obtained by two different methods and investigate the best options to upscale the
field measurements to the stand and basin scale.

Specific objectives:

a) Classify tree species in the Sardon catchment using an object-oriented
approach on a high resolution satellite image.

b) Assess individual tree transpiration by sap flow measurements and
upscale tree transpiration using relations between crown area and
sapwood area.

c) Assess individual tree transpiration by the Penman-Monteith model and
upscale tree transpiration using leaf area, crown area and the fraction of
vegetation cover

d) Compare the up scaled transpiration estimates obtained by sap flow
measurements and the Penman-Monteith model

1.3 Research Questions

a) Can the custom classification parameters of an object-oriented approach
yield high classification accuracy?

b) What are the sources of error related to the transpiration scalars?

¢) What is the agreement between estimated and observed variables needed
to upscale tree transpiration (e.g. stomata conductance, Leaf Area
Index)?

14 Hypothesis

a) A higher proportion of trees are correctly classified by an object-
oriented method than by a pixel-based method.



b) The linear regression of transpiration estimations made with sap flow
measurements and with the Penman-Monteith model at tree level has
a slope close to 1 and an offset close to 0.

1.5 Review of methods for the estimation of evapotranspiration

Diverse approaches have been adopted through the years for the estimation of
evapotranspiration (ET), considering it as the combined process of soil and water
evaporation (E) and transpiration of vegetation (T). The most important of them
have been reviewed by Dingman (2002). Traditionally, methods based on field
measurements have been applied for small areas and for crop monitoring (Walter et
al., 2005) while methods based on remotely sensed data are used at a regional scale
(NASA, 2009) and (EARS, 2009).

Among the methods relying on field measurements, the FAO56 method, based
on the Penman-Monteith equation (Allen et al., 1998), and the eddy covariance
method (Koestner et al., 1992) are based on a mass transfer approach (Dingman,
2002). Other field-based methods use a pan (Snyder et al., 2005), lysimeters (Abtew
and Obeysekera, 1994), scintillometers (Bastiaanssen et al., 2005) or sap flow
measurements (Cienciala et al., 2000).

From all these methods, the FAOS56 is the most widely used, especially for
agronomic applications. It considers a reference ET factor, a crop ET factor and an
adjusted crop ET factor. The method is based on the assumption that the reference
crop is grass, the crop ET is a value under optimal water availability conditions and
the adjusted ET represents the crop under stress conditions. It makes use of an
experimentally determined crop coefficient, based also on the reference crop.
Interestingly, the method is being used extensively in agronomy, though not so
much in forestry.

In the last decades, the development of remote sensing techniques has
contributed significantly to the spatial and temporal study of ET (Immerzeel et al.,
2006). The methods based on remote sensing observations have been classified by
Courault, Seguin et al. (2005) into Empirical Direct Methods, Residual Methods of
Energy Budget, Deterministic Methods and Vegetation Index Methods.

Remote sensing methods generate surface parameters on a pixel scale and are
therefore more suitable for spatial modelling of ET. The Empirical Methods are
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based on simple relationships, for example between thermal infra-red reflectance
and meteorological data. The main assumptions are that the daily ET is related to the
difference of atmospheric temperature and surface temperature; the ratio of sensible
heat flux and net radiation is constant along the day and that the daily soil heat flux
is negligible (Courault et al., 2005).

Models that calculate ET as a residual of an energy or water balance, like
SEBAL (Bastiaanssen et al., 2005) and SEBS (Su, 2002), generate a series of
atmospheric variables from remote sensing data and assume semi empirical relations
to estimate emissivity and surface roughness. To calculate the sensible heat flux, an
area is divided into wet and dry land (Courault et al., 2005).

Deterministic methods are based on the soil-vegetation-atmosphere relations
use models for its characterization. . These methods are diverse in complexity; the
simple ones model ET for an area as the ET of a single big leaf and the complex
ones are multi-layer models where energy balances are computed for each canopy
layer, like DART (Gastellu-Etchegorry et al., 1996), SCOPE (Van der Tol et al.,
2009) and ENVI-met (Samaali et al., 2007). Transpiration of vegetated areas and
evaporation from soil is computed separately, with different values of surface
resistance.

Finally, the Vegetation Index methods calculate a reference ET from field
measurements and use remote sensing to estimate reduction factors, such as the
adjusted crop coefficient required by the FAO56 method (Courault et al., 2005).

The methods described above allow the easy determination of the soil, water
and plant transpiration components of ET. Some of them have been adapted for
calculations at different time intervals (Gieske and Meijninger, 2005; Moran et al.,
2009), or to obtain actual ET (Droogers, 2000). Nevertheless, some parameters are
still difficult to estimate (e.g. stomata resistance) and thus models are not always
able to represent water-stress conditions accurately, because of generalizations or
assumptions on temporal and/or spatial variability of the mentioned parameters. On
the other hand, site-specific models, with accurate specification of the concerned
parameters, are not suitable for regional studies.

In general, the adoption of methods based on remotely sensed data for regional
studies has become a common practice given the difficulties in upscaling field
measurements accurately. But scientific literature is still silent about the
performance of these methods at different spatial scales and the related errors. In this
respect, the opinion of Ford, Hubbard et al. (2007) is remarkable: “Our ability to
accurately scale from the probe to the tree to the watershed has not yet been
demonstrated, nor do we know the relative impact of the main sources of variability

13



on our scaled estimates. Accounting for the variability in the radial distribution of
sap flux within the sapwood, the variability of transpiration among trees and
between plots within the catchment, and the variability in stand density, sapwood
area, and leaf area are critical for making landscape inferences about transpiration”.






2. Materials and Methods

2.1. Description of the study area

The Sardén River catchment is located in the western part of the Iberian
Peninsula, about 50 Km from the city of Salamanca (Figure 1), between 6°07" and
6°13” W and 41°01° and 41°08’ N (Habtemannian, 2000). It is a catchment formed
on massive and fractured granite, with a thin superficial layer of weathered material,
where the geological structures control the hydrological and morphological
processes according to two well differentiated seasons (Lubczynski and Gurwin,
2005). The Sardén River lies on a fault zone, which remains almost dry from June to
October, and where big discharges can be observed during and after heavy rain
showers in the rainy seasons.

Table 1 Climate indicators of the Sardén River Basin. Modified after Lubczynski and Gurwin
(2005)

. Coldest months January, February
Warmest, driest months July, August
Wettest months November, December
Temperature ~22°C Temperature ~5°C
Potential ET ~5 mm/d Potential ET ~0.5 mm/d
Rainfall <20 Rainfall > 100 mm/month
mm/month
~—
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Figure 1 Reference map of the Sardén River basin. Modified after Lubczynski and Gurwin
(2005)




Vegetation in the area consists mainly of oak trees, grasses and shrubs (Cytisus
scoparius). From these, the phreatophyte Quercus ilex plays an important
hydrogeological role, as 70% of its transpiration is of groundwater origin (David et
al., 2007)

The 80 Km’-catchment is sparsely populated, with low impact of cattle
breeding activities. It has been selected for this study not only because it is a
representative Water Limited Environment, but also because of the availability of
meteorological data, acquired by two Automatic Data Acquisition Systems (ADAS)
since 1987, sap flow measurements since 2001 and eddy covariance measurements.

Moreover, a decade of academic output in the area (Rwarinda, 1996;
Habtemannian, 2000; Nakamba, 2002; Ontiveros, 2009) constitute a suitable
knowledge base of the basic environmental patterns of the area and allow an in-
depth study of tree transpiration.

2.2, Tree species classification and mapping

In order to know the spatial distribution of tree transpiration (T), it is first
necessary to determine the spatial distribution of the tree species in the study area.
Kimani (2004) discusses several experiences of forest classification for sap flow
upscaling and concludes that object-oriented classification is more suitable than
pixel-based classification. Analyzing individual objects of the satellite image (trees
in this case) has also the advantage of considering texture and contextual
information for the classification, and not only spectral information. Moreover,
“ecologically speaking, it is more appropriate to analyze objects as opposed to pixels
because landscapes consist of patches and because objects in a landscape are scale-
dependent” (Kimani, 2004; Laliberte et al., 2004). Yan, Mas et al.(2006) report
36.7% higher accuracy of object-oriented over pixel-based forest classifications.

The experiences of Kimani (2004), who classified dry savannah vegetation in
Botswana, and Ontiveros (2009), who performed a tree classification of the Sardén
catchment using aerial photographs, reveal that the classification requires
segmentation in different spectral bands and a satellite image with high spatial
resolution. In this study the visible and infra-red channels of a Quickbird image
(with spatial resolution of 2.4 m) were used in the Definiens Developer 7 software
(Definiens, 2007) for the tree classification of the Sardén catchment.



In order to perform transpiration upscaling, the canopy areas of individual trees
and their correspondent species have to be known. Therefore, a stepwise procedure
was executed: first, image segmentation and second, classification.

The segmentation of the satellite image was carried out so that each tree of the
catchment represents an object. This step is fundamental to assure accuracy and
representativeness of the final output. Individual trees were identified from the rest
of the image using the Quadtree segmentation algorithm and the maximal difference
in their pixel values (Max. value — Min. Value/Brightness).

The second step in the classification is the differentiation of the two tree
species living in the area. This represented a more complex procedure because on
the image taken on August 2009, the spectral signatures of the species in the visible
spectrum overlap (Figure 3). Also, the morphology features seen in the image are
similar for the two species. An additional problem was the separation of tree
canopies into shaded, totally sunlit and partially sunlit areas. The shade made
difficult the accurate determination of the western boundary of the canopies, and the
sunlit areas have similar reflectance in both species. To overcome these difficulties,
three procedures for classification were proposed: i) to use the spectral information
from a supervised classification and then fine-tune the results using an object-
oriented approach; ii) to use context information, field observations and “expert
knowledge”' besides spectral information, applying a Weighted Linear Combination
in the context of a Multi-Criteria Evaluation (Eastman, 2006); iii) to apply fuzzy set
memberships to the criteria mentioned in ii). This last option could not be tested due
to time limitations.

' This term includes non-published, specific knowledge about the study area and/or
the studied species, which has been gained through the years by different
professionals working in topics related to this study. It also refers to the decision
criteria used for classification.
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The first procedure was developed in collaboration with PhD candidate
Leonardo Reyes from ITC, and processed using Erdas Imagine 9.3. First, the
Quickbird image was classified into 60 classes using a pixel-based, unsupervised
classification of the red and near infra-red bands, as they have the higher reflectance
for vegetation (Janssen, 2001). Secondly, this classification was refined by a
supervised routine of selecting classes with the same features and merging them to
finally obtain 40 classes, 15 of them corresponding to tree classes. At this point, the
classified image shows individual trees with a mixture of pixels classified both as
Quercus Ilex and Quercus Pyrenaica. Finally, to determine the species of each tree,
it was decided to assign a class to a tree if the majority of the pixels were classified
previously to that class. This was done by calculating the relative area of each class
inside each tree object and then re-classifying the image.

In the second procedure, GIS (ArcGIS 9.3) was used as the platform in
managing, combining and displaying the criterion data and also as a tool for
producing new data, especially by using spatial analysis functions. The flowchart in
Figure 5 shows the methodology used by this classification method. Continuous
criteria were standardized to a common numeric range and then combined by
weighted averaging. The criteria used for the tree classification were the following:

- Rocky areas have mostly only Quercus Ilex trees

- As Quercus Ilex is a phreatophyte species, it is located in areas where the
water table is deep. In areas with shallow water table (e.g. close to the
rivers), more individuals of Q. Pyrenaica were observed.
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- Q. Pyrenaica has higher reflectance in the Near Infra-Red band than Q. Ilex
at the time of image acquisition (August 20", 2009)

In order to identify rocky areas, a physiographic classification of the image was
obtained with a multi-resolution segmentation algorithm and a coarse scale
parameter. Only spectral information was used at this stage due to the relative easy
differentiation of physiographic units in the spectral domain.

| SATELLITE DATA |

I SPECTRAL ANALYSIS I
A 4 _ \ 4

Physiographic Interpolated Rlvers. Supervised
segmentation groundwater shapefile Classification

depth (Shakya,

2001)
Brightness Class merae
Area, Location Buffer

A 4

Interpolated water
table depths

Canopy

Proximity to rivers identification

Physiographic Units

v

| MULTI-CRITERIA EVALUATION |

1
| 1 1 1
/:{ockv areas / /GW depth / /ﬁoximity to rivers/ /DN value /
L 1 1 ]
Map algebra

TREE CLASSIFICATION

Figure 3 Methodological flowchart of the Multi-Criteria classification method

Finally, each of the classifications obtained with the above-mentioned
procedures was subject to an accuracy assessment test, carried out with an error
matrix (Table 2) (Congalton, 1991; Pilesjo, 2009) and species information for 310
trees collected in the field by the author and other MSc students using GPS
positioning. Kappa values were then computed to assess the influence of chance in
the classification.

To test the significance of the difference between the Kappa values, z-tests are
usually applied (Im and Jensen, 2005; Bowes et al., 2007). De Leeuw, Schmidt et
al.(2002) demonstrated that if the same sample points are used to evaluate two maps,
there is a dependency between the error matrices and thus a smaller variance of the
difference in sample proportions as compared to independent sample point sets. The
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authors proposed to use the McNemar’s test for dependent proportions (McNemar,
1947), which uses a chi square statistic, calculated as follows:

xzz(flz_le)z/(flz"'le) [Eq. 1]

Where fis the number of classified points according to the error matrix.

Table 2 Example of an error matrix

Classifier 1 Classifier 2 Total

Wrong | Correct
Wrong Ju1 Ji2
Correct for F5
Total

The results of the accuracy assessment are explained in Chapter 3 and reported
in Tables 5, 6 and 7.

2.3. Transpiration estimation by sap flow measurements

The movement of water through 3 trees of each species (Figure 4) was
monitored either by the Granier method (Granier, 1985), or by the Heat Field
Deformation (HFD) method (Nadezhdina et al., 1998) during August and September
2009, at 30 second and 10 minute intervals, respectively. The data is part of the
monitoring network established for an ongoing PhD research (Reyes, unpublished).

Although both of the above mentioned methods are based on measurements of
thermal conductivity of sap (also known as sap flux density) in one or more parts of
the stem (“point” methods, see Figure 4), they also have important differences; the
first one being the knowledge base of each method. Andre Granier developed his
method in the 1980s and the widespread use of this technique has even lead to
commercial and “home made” variants of the original sensors (Lu et al., 2004). The
Heat Field Deformation (HFD) method on the other hand, is the newest technique
developed for sap flow monitoring, with physical analysis still being carried on and
further improvements to be expected (Cermék et al., 2004).
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Another difference is the longitude of the needle-like thermo-couple that is
inserted into the stem. Granier sensors have 2 cm length, whereas HFD sensors
measure 7.5 cm. That means that only the fist 2 cm of conductive sapwood can be
measured by the Granier method. In the case of the Sardén catchment, better
estimations of sap flux density using Granier sensors can be obtained for Q.
Pyrenaica, because the outer part of the sapwood conducts most of the flow
(CITATION), whereas sap flow in Q. Ilex is concentrated in the deeper parts of the
sapwood (Figure...). These considerations are important for this study, because in
order to use the two sap flow methods simultaneously, HFD data from the first 2 cm
of sapwood could be used.

Figure 4 Granier and HFD probes inserted into oak stems. The sensors were later
protected from the sun and animals with stereopor and wire nets (picture of Granier
sensors from Mapanda (2003).

Data around the 15" and 17" of September were used in this study to enable
comparison of transpiration estimations with the Pennman-Monteith transpiration
calculations made for the same days. In order to calculate the tree transpiration rate,
the xylem area for each tree was first calculated by taking wood samples with a
Pressler borer in the field. Xylem length was measured after dying the samples with
Methyl-Orange. The dying allowed the visual recognition of core wood from
sapwood and bark. The xylem and hardwood were measured with a small calliper
and the bark length was assumed constant at 1 cm for Q. Ilex and 1.5 cm for Q.
Pyrenaica. Once the length of the bark, the xylem and the hardwood were known,
the total xylem/sapwood area of the trunk could be calculated with Equation 2 (see
below). The transpiration rate for each measured tree was finally estimated
multiplying the sap flux density by the sapwood area.
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24. Transpiration estimation by the Pennman-Monteith model

Transpiration is the process whereby water is evaporated from the leaf surface
of trees or any other type of vegetation, and thus the terms transpiration and leaf
evaporation are used often with the same meaning. “The vaporization occurs within
the leaf, namely in the intercellular spaces, and the vapour exchange with the
atmosphere is controlled by the stomata aperture” (Allen et al., 1998).
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Howel and Evett (n.d.), Dingman (2002) and NASA (2009) show the sound
and solid theoretical development of the Pennman-Monteith method — which has a

thermodynamic and an aerodynamic component — for the calculation of surface

evaporation in vegetation. The corresponding FAO56 methodology (Allen et al.,

1998) has been internationally accepted as a standard method.

The model is based on the following equation (Dingman, 2002) and the

variables are described in Table 3:

[ax(k+L)+p, ¥, *g, *e, *(1-

w,)l

a

E leaf —

Where

P, A KA+ y*| 1+ Ba

gcan

[Eq. 3]

Table 3 Variables needed to estimate transpiration by the Penman-Monteith model and the
proposed way to estimate them. Source (Dingman, 2002)

Variable | Origin/Value Units

Ejeo = evaporation from a leaf surface Kg/ m*/h

A = temperature of the air — | Derived from | Dimensionless

temperature of the canopy meteorological and field | (temperatures
data measured in °C)

K= atmospheric constant Derived from p, Pa’

L =long wave energy exchange Derived from p,, A, K e, W/m*

p. = density of air Derived from | Kg/m®
meteorological data

¢, = heat capacity of air 1.0%10° MIJ/kg/K

e, = saturation vapour pressure at | Derived from | Pa

the air temperature meteorological data

W, = relative humidity Derived from | %
meteorological and field
data

pw = mass density of water 1000 kg/m’

Ay = latent heat of vaporization 2.257 J/Kg

Y = psychrometric constant 0.06 Pa/C

g = surface conductance Derived from field data Measured in

Z.an = canopy conductance mmol/m*/s;

g, = atmospheric conductance expressed in m/s for
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| calculation

The atmospheric component of Equation 3, given by the atmospheric
conductance (g,) and the atmospheric constant (K), represent “the efficiency of the
turbulent eddies in the lower atmosphere in transporting water vapour from the
surface of the leaf to the ambient air” (Dingman, 2002). The formulas are described

below.
o 0622%p, _ )
= —P ” p 8u 2 E 4 5]
w Z, % q. 4,
6.25%| In| =>4
29
Where

K= atmospheric constant g, = atmospheric conductance (m/s)

p. = density of air v, = wind speed (m/s)

P = atmospheric pressure Z, = height of wind speed measurement (10 m)

pw = mass density of water z4 = zero-plane displacement height = 0.7* z,,

7o = roughness height = 0.1* z,,
Zyeg = Vegetation height (m)

Vegetation height was taken as the average value of the height of sampled trees
in the field. The values are 6.65 m for Q. Ilex and 8.56 m for Q. Pyrenaica.

The thermodynamic component of Equation 3 is represented by the latent heat
of vaporization and the long wave energy exchange, besides the air and leaf
temperatures. The first is the energy required to vaporize 1 Kg of water; this is 2.257
Joules. The second is a residual from the energy balance of the study area.
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Infante, Rambal et al.(1997) demonstrated a high degree of coupling between
the atmosphere and the canopy in evergreen oaks of the Iberian Peninsula (mean
decoupling coefficient of 0.2 for Q. Ilex), both at the leaf and tree level. This allows
a simplification of the Pennman-Monteith model at the mentioned scales, so that
Equation 3 reduces to (David et al., 2007)

E=g*D* Pu*e, [Eq. 6]
A*y

Where D is vapour pressure deficit of the air (in Pa) and all other terms are as
described in Table 3.

Wind speed, air temperature, air pressure and relative humidity data (15" to
17" of September, 2009) from a meteorological/eddy covariance tower installed in
the northern part of the Sardén catchment were used. These data were acquired
during the measurement dates of leaf conductance in the field, carried out with the
CI-340 Photosynthesis Instrument (CID, 2003). This instrument uses a chamber to
isolate a leaf for measurement (Figure . It measures the gas exchange (CO, and H,0)
of the leaf with the chamber environment, to calculate leaf conductance,
photosynthesis rate, leaf temperature, PAR and evaporation at the leaf surface. The
equation used by the instrument for leaf stomata conductance is the following

8oy = il #1000 (Eq.7]

e, .—e P—e
leaf [ 0 %
—R,*W

e,—e; P

Where

&1ear = leaf stomata conductance (mmol/mzls)

W = mass flow rate per leaf area (mmol/m?/s)

ejear = saturated water vapour at the leaf temperature (bar)
e, = outlet water vapour (bar)

e; = inlet water vapour (bar)

P = atmospheric pressure (bar)

R, = leaf boundary layer resistance: 0.3 m” s/mol is used

In order to use the measured leaf conductance in Equations 3 and 4, which
require canopy conductance as input, it is necessary to multiply it by the leaf area
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and a factor to account for the fact that some leafs are partially or totally shaded by
other leafs within a canopy and thus transpire less. Values of the shelter factor vay
between 0.5 and 1, and decrease with increasing LAI (Carlson, 1991 in Dingman,
2002)

gcan = gleaf * I‘AI * \fs [Eq 8]

Where

g.an = canopy conductance (m/s)

giear = leaf conductance (m/s)

LAI = Leaf Area Index (dimensionless)

/s = shelter factor: 0.6 for Q. Ilex and 0.4 for Q. Pyrenaica

Due to the fact that leaf conductance is calculated from gas exchange, proper
calibration of the instrument is of utmost importance; daily calibration was carried
out with special devices that are part of the instrument set. Nevertheless, an
overheating of the chamber was observed after some hours of measurement in the
field, possibly because the instrument was exposed directly to the sun during
measurements. To correct leaf temperatures values, a set of thermo probes were
attached to the leaves and the corresponding measured voltage was transformed into
temperature values with aid of the HOBO 2.6.0 software.

2.5. Upscaling transpiration using 2 different methods

Once transpiration had been estimated by each method, it was possible to
upscale the measurements at different levels: from leaf to canopy, from canopy to
stand, and from stand to basin. This was done in order to establish the agreement
between methods and between variables needed for upscaling (research question c).
Table 4 shows different upscaling parameters for water uptake and leaf evaporation.
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Table 4. Common approaches and scalars used in tree transpiration upscaling.

Transpiration estimated by sap flow measurements

Stem — Tree Tree — Stand Stand - Catchment

Fraction of Vegetation

Effecti idth of trees
ective width o frees Cover [proposed by the

Diameter at Breast Height
1ameter at Breast Helg (Crosbie et al., 2007)

author]
Sapwood area  (Chavarro- | Biometric Upscaling Total crown cover (Shakya,
Rincon, 2009) Function (Lubczynski, 2001)

2009)

Scaling curves (Cermadk et al., 2004)

Transpiration estimated by the Penman-Monteith model

Leaf to Canopy Canopy to Stand Stand to Catchment
Assume the canopy is a single Fraction of Veg. Cover
“big leaf” and wuse LAI | Leaf Area Index (LAI) [proposed by the author]

(Dingman, 2002)

Canopy leaf distribution . . Scaling curves (Cermak et
. Effective width of trees
represented by a logarithmic al., 2004)

Crosbie et al., 2007
function (Goudriaan, 1986) (Crosbie et al., )

Radiative Transfer Models (Gastellu-Etchegorry et al., 1996; Samaali et al., 2007; Van der
Tol et al., 2009)

The multi-scale estimation of tree transpiration and evapotranspiration in
general, is a complex task, involving many variables, obtained generally from
different sources. Given this complexity, it is necessary to clearly define the scope of
this study and make some assumptions in order to avoid deviations from the
objectives. The following are the statements and assumptions that have been
considered:

- This study focuses only on the spatial variability of the drivers of tree
transpiration. For best results, data collected during mid-day hours has been used.
This is a time in the day where the temporal variability of transpiration is lower (Van
der Tol et al., 2007)

- There is no sub-pixel variability. A Quickbird satellite image of 2.4 m
resolution has aided in many stages of the upscaling process. This pixel size is
smaller than most of the canopies of the trees in the Sardén catchment.

- The sun angle and environmental conditions at the time of image acquisition
(August 20™, 2009) can be considered equal to those at the time of temperature
measurement (15-17lh September, 2009, between 11:30 and 14:30).
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- The effects of micro-topography on aerodynamics are considered negligible
in the Sardon catchment, thus, this variable was not considered.

- The sapwood area in a tree stem is assumed to be constant. This assumption
was made for practical reasons, despite general acknowledgement of a significant
variation of sapwood area for a number of tree species. This study will investigate
other sources of error; for example, the influence of canopy temperature. The reader
is referred to the work of Poyatos, Cermak et al.(2007) for a study of sapwood
variability in transpiration estimations.

- No stem storage of water was considered, thus sap flow represents
transpiration.

- The effects of aerodynamics are not significant at the leaf, canopy and stand
levels. Oak trees from the Mediterranean region are highly coupled from the
atmosphere (Infante et al., 1997)

- Meteorological measurements taken at the northern part of the study area are
representative of the whole Sardén catchment.

2.5.1. Upscaling transpiration to tree level

Sap flow represents the transpiration at the tree level and thus further
calculations are not needed. In contrast, the Pennman-Monteith method relied on
measurements of gas exchange at the leaf level, so a first upscaling procedure is
necessary to make both estimations comparable.

To establish transpiration from leaf measurements, the description of the
geometry of the canopy is of crucial importance. The approaches go from the
simplistic method of assuming the transpiration of a canopy as that from a single big
leaf (Dingman, 2002) to a detailed model of a canopy, consisting of layers with
different Leaf Area Index (LAI), leaf angle and inclination (Verhoeff, 1997; Van der
Tol et al., 2009). The intermediate approach introduced by Goudriaan (1986) uses a
parabolic function to describe the leaf distribution of a canopy. The two first
methods are comparable and have therefore been tested.

The “Big Leaf” upscaling approach was adopted by simply multiplying the leaf
transpiration values obtained in the field by the corresponding LAI of the species.

The Goudriaan method takes into account the different distribution of leaves in a
canopy, in terms of the Leaf Area Index (LAI). The vertical profile of a canopy is
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the result of a differentiated leaf distribution, depending on the tree species and the
structure of the canopy, i.e. presence of holes. (Figure 6)

)

Height i)

Heicht

Lesf Area Index
Leaf Area Index

Figure 6 Parabolic red line showing leaf area distribution over height

LAI was measured at 4 discrete heights of the canopy using the LAI2000
instrument. Then, values were integrated using a 4-point Gaussian integration
(Goudriaan, 1986) to calculate the total leaf area of the canopy. “This method
specifies discrete points at which the value of the function to be integrated has to be
calculated”; these are the heights at which LAI was measured. “It also defines the
weighting factors that have to be applied to these values to obtain an accurate
approximation compared to the analytical solution” (Kropff and van Laar, 1993).

The transpiration rate measured at the leaf level was finally multiplied by the
total leaf area in order to obtain the transpiration value for a single tree of each
species.
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2.5.2. Upscaling transpiration to stand level

2.5.2.1 Upscaling based on sap flow measurements

Crosbie et al. (2007) propose a method that accounts for the “hydrological”
area occupied by a tree. This includes an area underground (occupied by roots), an
area at the ground surface (sapwood area in each stem) and an area above ground
(occupied by the tree crown), that can be measured in the field, observed in areal
photographs, and/or adopted from botanical literature. As the fieldwork supporting
this study did not include root assessment, and adopting values from literature may
introduce errors, a linear method based only on canopy areas was adopted.

Transpiration can be calculated from the relationship of sapwood area and
canopy area of a tree. This last relation is given by an empirical Biometric Upscaling
Function (Chavarro-Rincon, 2009; Lubczynski, 2009), which has been established
for each species by measuring canopies and xylem for 23 Q. Ilex trees and 20 Q.
Pyrenaica trees in different areas of the Sardén catchment. Data for these trees has
been collected and processed in collaboration with other MSc students (Agbakpe,
2010; Rwasoka, 2010).

The segmentation file created for the species classification (Chapter 2.2) was
used to calculate the canopy area. Some polygons of this file did not delineate the
canopies perfectly, so it was decided to calculate the canopy projected area with the
following equation that approximates the shape of a canopy to that of an ellipse:

A, =7r*%*% [Eq. 9]

Where a = mayor axis of the ellipse

b = minor axis of the ellipse

The properties “Length” and “Width” were displayed for each object in the
Definiens software and then exported as a shape file, where the area could be
calculated using the Field Calculator function. The length and width of each tree
crown correspond to the major and minor axes of an ellipse.
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Then, a stand of 1 ha was selected in the area where sap flow of the Pyrl, Pyr3
and Ilex3 trees was measured (Table 2). It lies in the northern part of the Sardén
catchment, in the Trabadillo area, close to the mouth of the Sardén River (Figure 8).

The following formula was used for upscaling:
CAt

Where Tst is stand transpiration; Ts is sample transpiration; CAs is canopy area

Tst = ZTS*

of the sampled trees and CAt is total canopy area of the stand. This formula can also
be used with any other biometric parameter that can be related to tree transpiration,
e.g. diameter at breast height or sapwood area. (Cermdk et al., 2004)

738450

0 10 20 40 60

[ - Meters

Coordinate Systemn UTM WG S84

Figure 7 Trabadillo stand (on false colour satellite image) with corresponding canopy
segmentation
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2.5.2.2 Upscaling based on the Penman-Monteith model

Transpiration calculations have been done for the Trabadillo stand, taking them
as estimated values to be compared with observed sap flow-based transpiration
estimates. The rationale for upscaling is explained as follows.

The most important variables that influence transpiration spatially and
temporally are radiation, vapour pressure deficit and stomata conductance. They
interact strongly between each other, posing opportunities and challenges for
upscaling: on one hand, as one variable changes, the others change as well, which
enables the researcher to estimate transpiration as a function of only one of these
variables. On the other hand, the variation of the mentioned transpiration drivers is
of different magnitude, and also variable among plant species and water availability
conditions.

For this part of the study, transpiration has been modelled as a function of
radiation, and specifically of temperature. The portions of the canopy that receive
more radiation have higher surface temperatures, and the vapour pressure deficit
between canopy and atmosphere is also higher. Temperatures for the air were
obtained from 5 minute-readings of a meteorological instrument mounted on a tower
at about 300 m from the stand. Temperatures for 16 sunlit and 16 shaded leafs of
each species were measured in the field and the median values were adopted for the
corresponding canopy portion. Next, the total canopy temperature for each tree was
calculated as the weighted average of sunlit and shaded leaf temperatures, according
to their extent in the satellite image. A Quickbird image acquired on August 20",
2009, at 11:32 am was used for this purpose.

Vapour pressure deficit is a function of temperature, and thus it has been
estimated from the temperature data.

Stomata are the pores of the leaf, which open and close depending on the
radiation and pressure levels between the leaf surface and the surrounding air. The
measure of their openness is called stomata conductance, in analogy to an electric
circuit, and is expressed in units of mass per units of area per units of time, or in
velocity units. Its variation with meteorological variables is also influenced by
environmental factors such as drought. The measurements of gas exchange on which
the stomata conductance values used in this study are based on (Chapter 2.4) were
taken at the end of summer, a period known for water scarcity in the Sardén
catchment (Table 1).
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The formula used with this temperature-adjusted “Big Leaf” upscaling
approach is

J
Z [(715 * Ws ) + (Tsh * Wsh )] [Eq 11]

st A

Where

i and j are the two tree species

T, is the stand transpiration rate (kg/m?/s)

T, is the transpiration rate of the sunlit part of the canopy (kg/m?/s)

w; is the area of the sunlit part of the canopy, expressed as a percentage of the
total canopy area

T, is the transpiration rate of the shaded part of the canopy (kg/m?/s)

Wy, 1S the area of the shaded part of the canopy, expressed as a percentage of
the total canopy area

A is the area of the stand m’

The supervised classification used for the tree species classification was used
to measure the extent of sunlit and shaded parts of the canopies. As can be seen in
Figure 4, a single tree had been preliminarily divided into tree classes: sunlit parts of
the canopy as Q. Pyrenaica, shaded parts of the canopy as Q. Ilex, and shadows as
shadows.

2.5.3. Upscaling transpiration to catchment level

2,531 Upscaling based on sap flow measurements

According to Lubczynski (2009), LAI is suitable for upscaling “but its
application in WLE is questionable because leaf turnover is slow while transpiration
varies rapidly in response to changing environmental conditions (Wullschleger et al.
1998)”. A relationship based again on canopy area seems to be thus appropriate and
easy to obtain using the species classification. Shakya (2001) proposes to estimate
catchment transpiration with the following equation:
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%
T = ZCCi,j SF,; [Eq. 12]
A

Where CC is crown cover of species i and j; SF is sap flow of species i and j
and A is the area of the catchment. Crown cover is calculated as the total number of
crowns times the average canopy area of all crowns.

The use of a simple average value for canopy area may be not adequate if the
range of canopy sizes is large (Cermék et al., 2004). This is the case in the Sardén
catchment (Figure 10), where the difference between the mean and the median
values of canopy area are 46.02 m” for Q. llex and 55.60 m” for Q. Pyrenaica.
Therefore, canopy areas have been divided into four size classes with a statistical
technique based on the quartiles of total canopy area.
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Figure 8 Canopy sizes and their frequency distribution in the Sardén catchment. Quartiles
are shown in blue vertical lines.

All values of canopy area (separated by species) were sorted in an ascending
manner and cumulative. Then, canopies smaller than 4 m” and bigger than 1000 m*
were filtered out of the analysis; they usually represent pruned trees or shrubs and
trees that grow very close to each other (and thus were not be separated by
segmentation).

The total value of canopy area was divided into four equal portions delimited
by the quartiles, rounded up to the next integer. The mean value of each class was
finally multiplied by the number of trees in that class (in order to obtain the crown
cover) and then multiplied again by the sap flow value of one of the sampled trees
(Table 2) in the corresponding class.

2.53.2 Upscaling based on the Penman-Monteith model

Methods to estimate catchment-level transpiration directly have not been
applied as widely as the methods described in the previous subchapters. There are
still uncertainties about appropriate scalars for transpiration at the catchment level.
At this spatial scale, transpiration is generally estimated with a “top-down” approach
using remote sensing products to calculate the surface energy balance. Transpiration
is usually estimated as a residual of the energy balance.

Table 4 mentions the use of Radiative Transfer Models (RTM) for upscaling
transpiration at all spatial scales. Although their potential for modelling transpiration
(and also other physiological processes such as carbon assimilation and
fluorescence) has been proved, their implementation in analysis at the catchment
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level is still a challenge given the current average computational capacities. Other
potential difficulties for their regional application include the definition of input
slopes and altitudes, which influence radiation interception.

Cermik et al. (2004) suggest the use of “scaling curves”, both at the stand and
catchment level. Transpiration values of sampled trees and biometric or spectral
characteristics that can be observed in a satellite image, for example near-infra red or
thermal reflectance, might prove to be related (Cermdk et al. found non-linear
relations between transpiration and DBH), but given the limited number of
transpiration samples, this method would not give a reliable estimation for the
Sardén catchment.

It was decided therefore to take a similar approach as the one taken for stand
upscaling, under the assumption that if a tree can be represented as a single “big
leaf”, then a catchment can be treated as a “big stand”. The surface temperature of
each species was calculated as the product of the sunlit/shaded canopy area by the
measured leaf temperatures (similarly to Equation 11). Canopy conductance was
calculated with Equation 8 and all the other variables were derived from averages of
meteorological data for the period 11:30 am — 14:30 pm for the days 15th to 17"
September, 2009. Finally, the sum of transpiration values of Q. Ilex and Q.
Pyrenaica for each day was divided by the catchment area to obtain the total
transpiration.
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3. Results and Discussion

3.1. Tree species classification and mapping

Intermediate and final outputs of the two classification procedures performed
are shown in Figures 8 and 9.

Figure 9 Spectral classification with object-oriented analysis

a) Individual trees (with red outline) separated from the background after segmentation. b)
Preliminary supervised species classification, showing pixels classified as Q. Ilex in dark
green, Q. Pyrenaica in light green, shadows in blue and other land cover classes in yellow,
purple, cyan and grey. c) Final species classification after object-oriented and spectral
analysis: Q. Ilex in blue and Q. Pyrenaica in green.
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Figure 10 Multi-criteria classification results

a) Physiographic units of part of the Sardén catchment. Only the rocky areas (in purple) were
used for tree classification. b) Groundwater depth in shades of grey and preliminary
classification of trees as Q. Pyrenaica in areas of shallow water table. c¢) Final species
classification after multi-criteria evaluation: Q. Ilex in blue and Q. Pyrenaica in green.

Table 5 shows the accuracy assessment performed for the tree species
classification. The method based on spectral and object-oriented approaches
(“Spectral Method”) yielded a classification with an overall accuracy of 80%,
whereas the method based on field observations and expert knowledge (Multi-
criteria, “M.C. Method”) reached 79%. Because the accuracy assessment relies on
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sample locations where tree species were identified, it is not possible to calculate it
exactly. Nevertheless, a z test (Table 6) showed that the true map accuracy is located
between 75% and 84% for the Spectral Method and between 74% and 83% for the
M.C. Method. It has been possible to estimate these accuracies with a small
confidence interval given the large amount of field points collected.

It is important to mention that this sample collection has not followed any
statistical sampling design, as the species identification points are part of a multi-
purpose dataset available to several researchers. On the other hand, a random
sampling design for point collection would have probably included many
unrepresentative points, as certain areas of the catchment have predominantly one
tree species, and random distribution is observed in only some areas (M.C. Method
has used non-random criteria of tree distribution). Moreover, the fact that there is
more than double amount of sample points for Q. Ilex could lead us to think about an
overrepresentation of correctly mapped trees (the so-called Type II error: accepting
an incorrect map), but it actually represents the proportion of species in the sampled
area.

Table 5 Error matrices for accuracy assessment. Based on (Pilesjo, 2009)

SPECTRAL METHOD M.C. METHOD
FIELD DATA FIELD DATA
Ilex PYR Total Ilex PYR Total
Map | Ilex 225 51 276 Map Ilex 230 58 288
Data | pyg, 12 2| 34 Data | pyp 7] 15| »
Total 237 73 310 Total 237 73 310
Tlex PYR Tlex PYR
A 225 22 A 230 15 | correct points
B 237 73 B 237 73 | field points
C 276 34 C 228 22 | map data points
N 310 310 N 310 310 | total points
Overall Accuracy 0.80 Overall Accuracy 0.79
Probability that a randomly chosen point (from map or field) is correctly mapped
User Accuracy User Accuracy
Ilex 0.82 ILEX 0.799
PYR 0.65 PYR 0.682
Probability that a randomly chosen point on the map has the same class in the field
Producer Accuracy Producer Accuracy
ILEX 0.95 ILEX 0.970
PYR. 0.30 PYR. 0.205
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Probability that a randomly chosen point in the field has the same class in the map

Table 6 z test to define confidence intervals

Statistics Spectral M.C.

n 310 310
correctly classified 247 245
p 0.796774 | 0.7903226
Standard Error 0.022855 | 0.0231205
confidence level 95% 95%
z 1.96 1.96
confidence interval 0.751979 | 0.7450064

0.841569 | 0.8356388

Kappa statistics have also been calculated to estimate the influence of chance
in the classification (Table 6). The Spectral method outperforms the Multi-criteria method,
as evidenced by a higher Kappa value. As there are two classes (species) in the map,
there is the probability that 50% of trees are correctly classified, only by chance. The
values of Kappa represent an improvement in the classification (Figure 11). In the
case of the Spectral Method, this means that if 50% of samples (155 trees) were
correctly classified only by chance, the classification by this method presents 30.8%
more trees correctly classified in the sample (that is 95 trees). The M.C. Method
presents 23.2% (71 trees). For this reason, it was decided to use the classification
obtained by the Spectral Method for transpiration upscaling. Otherwise, the
McNemar’s test proved that the same proportion of trees would be correctly

classified by the Spectral and the M.C. Methods (Table 7).

Table 7 Kappa statistics for the two classification methods

SPECTRAL METHOD M.C. METHOD
Total | ILEX | PYR Total ILEX | PYR.
310 237 73 N 310 237 73
d 247 225 22 d 245 230 15
q 67894 | 65412 | 2482 q 69862 | 68256 1606
Kappa | 0.308 Kappa 0.232
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Figure 11 Graphical explanation of map accuracy.

Table 8 McNemar’s test for dependent samples

Ho: The same population proportion of trees will be correctly classified by the Spectral
and the M.C. methods.
H1: A different population proportion of trees will be correctly classified by the Spectral
and the M.C. methods.

M.C. Method sample ratio =
wrong | correct | total chisq x"2=
x2 table (p=0.25; 1 degree
Spectral | wrong 45 21 66 of freedom)
Method x/2 table (p =0.90; 1 degree
correct 14 230 244 of freedom)
total 59 251 310

If x2 > tabulated value, reject Ho, otherwise, do not reject Ho

We fail to reject Ho. The Spectral method and the Multi-criteria method have similar

classification performance.

1.5
1.4

1.32

271

With respect to the M.C. Method, it is important to mention that the criteria

used were conceived as “hard” classifiers, Boolean-type criteria, whereby a region

was excluded from the analysis if it failed to meet an arbitrary threshold (e.g. Q.

Pyrenaica trees classified as Q. Ilex if located outside river banks). The criteria were

also weighted equally in the final combination; a different weighted combination of
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criteria could have yielded either an improved or a worse classification. According
to the results presented in this chapter, the criterion that might deserve more weight
is the spectral information.

The application of fuzzy set memberships to the used criteria (procedure
iii in Chapter 2.2; not tested) could be another option to enhance the M.C.
Method, as it provides a stronger logic for the process of criteria
standardization than Weighted Linear Combination (Jiang and Eastman,
2000).

3.2. Transpiration upscaling to tree level

Following the procedures described in Chapter 2.3, and using field
measurements of xylem length (2 cm of xylem length), mean transpiration for the
sample trees of the Sardén catchment was calculated. The results are presented in
Table 8.

Table 9 Calculation of mean transpiration for a single tree from sap flow

measurements
Sap fl Xyl S d
Name of tree Dates i .ux DBH S . Sap Flow
density length area
cm’/ cm’/h cm cm cm? cm’/h
15— 17 Sept.
Tlex1 (GR) 2005 10.12 27 12 376.99 | 3815.16
15— 17 Sept.
Tlex2 (HFD) °p 3.48 57 5.4 45211 | 157334
2009
2 -4 Sept.
Tlex3 (HED) °p 3.95 32,50 11 44925 | 177453
2009
15— 17 Sept.
PYRI (GR) °p 12.84 1650 | 3.90 7995 | 1026.51
2009
11— 13 Sept.
PYR2HFD)| 3.71 4300 | 750 | 44473 | 1787.83
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18 — 20 Aug.

PYR3 (GR) 5009

8.57 36.50 15.20 654.21 | 5606.284

The instantaneous transpiration rates upscaled from leaf-level measurements
were compared to corresponding tree sap flow rates of transpiration (Figure 12). The
integration of LAI over the height of the canopy (Gaussian integration method)
proved to be a reasonable estimator of tree transpiration for Q. Pyrenaica, with a
mean difference of 10.5% with the sap flow rates (Figure 13). Nevertheless, for Q.
Ilex, the mean difference between calculated and observed transpiration rates is more
than 100%. The “big leaf” (Dingman, 2002) upscaling approach (that is, multiplying
the sap flow rate by the ratio of canopy area and LAI) resulted in mean differences
of 36% for Q. Pyrenaica and 55% for Q. llex, respectively. There are several reasons
that explain these results.

First, the better performance in Q. Ilex might be due to the similarity of the
transpiration estimations, i.e. the multiplication of a measured parameter by the
sapwood or leaf area of the tree.

Leaf to tree upscaling
Q. llex
1.1
28000{ 4 4 m 'Big Leaf" upscaling
= A n=16
= { 4 Adj. Rsq.. = 0.39
T @ 2100, A RMSE = 542.6
= A
Lo A
o= A A 4-point integration
2L 14000 | "
© o n=16
E E Adj. R sq. = -0.04
a2 70004 RMSE = 8543.9
Ly L]
0 ‘ . ‘ ‘
0 7000 14000 21000 28000
T observed (cm*3/h) sap flow
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Figure 12 Regression for sap flow-based transpiration at the tree level against estimations
derived from the “big leat” approach (T*CA/LAI) and Gaussian integration method (T*LAIi).

Table 10
model.

t test to prove agreement between Penman-Monteith and “Big Leaf”

HO = The re is no difference between upscaled values using canopy area and integrated LAI

H, _ There is difference between upscaled values using canopy area and an integrated LAI

Q. Ilex Q. Pyrenaica
T rate T rate
SF THCA/LAI) | T rate S T*CA/LAI) SF T*LAI
Mean 5179.362 1831.742 2710.26 3474839 | 271026 2163.889
Variance 2087944 516949.8 | 528012.5 674602.3 | 528012.5 128701.4
Observations 16 16 11 11 11 11
Pooled
Variance 1302447 601307.4 328356.9
Degrees of
freedom 30 20 20
t Stat 8.296619 -2.31236 2.236125
P(T<=t) two-
tail 2.92E-09 0.031529 0.036901
t Critical two-
tail 2.042272 2.085963 2.085963
alpha 0.05 0.05 0.05 0.05
Reject Ho! Reject Ho! Reject Ho! Reject Ho!

Upscaled transpiration values are significantly different from sap flow measurements
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Secondly, the results might reflect a bigger variation of LAI values along the
height of the canopy in Q. Ilex, which could have been not represented by the
measurements of LAI at four heights.

Ansley, Dugas et al.(1994) remark that “transpiration measured by a porometer
and scaled to the stem or canopy is greater than the measured by stem flow or
gravimetric techniques, especially during periods of high transpiration”. In the
Sardén catchment, this is the case for Q. Pyrenaica, but not for Q. Ilex. It is
important to mention that there was a significant amount of noise in the Q. Ilex data,
arisen from the fact that the small leaves of this species do not fill the leaf chamber
completely (Figure 12).

Figure 13 Schematic representation of the leaf chamber with leaves of Q. Ilex (left) and Q.
Pyrenaica (right). The leaf chamber has a measurement area of 6.5 em?; Q. Ilex leaves are
about 3 cm’ and Q. Pyrenaica leaves about 25 cm?.

An important consideration is that sap flow data have been taken as the
observed values for comparison. Actually, there are also uncertainties related to the
values of sap flow that can help in the explanation of the results. As mentioned in
Chapter 2.3, data from the outer 2 cm of sapwood have been used for transpiration
calculations, despite the fact that Q. Ilex conducts more sap in the internal part of the
xylem. The contrary is valid for Q. Pyrenaica (Figure 14). Further, it is believed that
when phreatophyte tree species like Q. Ilex pump groundwater, it is transported only
through the internal part of the sapwood (Cermik et al., 2008).
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Figure 14 Representation of the magnitude of sap flux density along the radius of
the sapwood for Q. Pyrenaica (left) and Q. Ilex (right).

An interesting finding from the poor agreement between compared methods is
that, contrary to the initial assumption, the analyzed species store water in the stem.
This is why the magnitude of transpiration estimations based on measurements at the
canopy is different from transpiration estimations based on measurements at the
stem. Stem water storage has been identified to be an adaptation to drought periods
and “the relative contribution of trunk water storage to transpiration depends on
climatic demand and soil water depletion, as well as on tree age” (Herndndez-
Santana et al., 2008).

Although neither of the two approaches proved to yield significantly similar
transpiration rates to the sap flow rates (at 0.05 significance level, see Table 10),
better results were expected for the upscaling with integrated LAI, being it a more
detailed description of the canopy. Apparently, the use of several LAI values
introduced errors the calculation. The simple division of the canopy in layers,
without any specification of the radiation interception will not yield better estimates
than the generalized upscaling using one value of leaf area. Figure 13 shows leaf
temperature values for the sunlit and shaded portions of the canopy, collected at the
same time of transpiration measurement and with the same CI-340 instrument.
Values are significantly different (at 0.05 significance level) for Q. Ilex, but not for
Q. Pyrenaica, which might partially explain the results obtained.
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Figure 15 Leaf temperatures for 12 samples of Q. Ilex and 15 samples of Q. Pyrenaica.

3.3. Transpiration upscaling to stand level

Transpiration rates estimated by sap flow measurements were upscaled using
canopy area values and Equation 6. The Biometric Upscaling Functions in Figure 8
demonstrate that there is a good correlation between canopy and sapwood area both
for Q. Ilex and for Q. Pyrenaica, with more dispersion at higher values of canopy

area.
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Biometric Upscaling Function
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Figure 16 Biometric Upscaling Functions

For the 1 ha stand shown in Figure 8, the total transpiration rate at midday
hours of clear days was 0.006 mm/h. The calculation was repeated using sapwood
area as scalar. The difference in hourly transpiration equals 1*10™* mm, which can
be attributed to systematic errors. The results confirm the suitability of the Biometric
Upscaling Functions for the estimation of biometric parameters and sap flow
upscaling. It is important to mention that the data used for upscaling was obtained
during the 11:30 am — 14:30 pm period, which represents the maximum daily values
of transpiration.
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Table 11 Results of transpiration upscaling at the stand level using sap flow measurements
SFs = sample sap flow; CAs = sample canopy area; CAt = total canopy area; SAs =
sample sapwood area; SAt = total sapwood area; T = transpiration

ILEX PYRENAICA TOTAL
SFs 0.004 | m"3/h SFs 0.006 | m"3/h T 0.0718 | m"3/h
CAs 100.940 | m"2 CAs 63.115 | m"2 T 0.0071 | mm/h
CAt 669.119 | m"2 CAt 582.530 | m"2
T 0.0252 | m"3/h T 0.0517 | m"3/h
SFs 0.004 | m"3/h SFs 0.006 | m"3/h T 0.0778 | m"3/h
SAs 0.075 | m"2 SAs 0.043 | m"2 T 0.0077 | mm/h
SAt 0.579 | m"2 SAt 0.401 | m"2 Stand total
T 0.02931 | m"3/h T 0.0520 | m"3/h 0.0148 mm/h

In the previous sub-chapter it was demonstrated that a characterization of the
radiation inside the canopies is necessary to estimate transpiration accurately using
the Penman-Monteith model. At the stand level, the differences in temperature
within the canopies were considered, resulting in a stand transpiration of 0.0138
mm/h, which almost coincides with the sap flow-based transpiration estimate and
with sap flow transpiration estimates for September 2001 and 2003 reported by
Lubczynski and Gurwin (2005) in the Sardén catchment. The good agreement of the
estimations can be attributed to the similar nature of the sample measurements,
which are based on temperature differences inside the trunk and within the canopy.
The results also highlight the importance of radiation in the transpiration process of
the Sard6n catchment.

34. Transpiration upscaling to catchment level

The total transpiration rate of the Sardén catchment was estimated using
instantaneous measurements of sap flux density for two trees of each species and the
mean canopy area of each crown-size class. Sap flux density values represent the sap
movement in the outer 2 cm of sapwood area. The total transpiration of all Q.
Pyrenaica trees is 12.5 mm/h and 39.3 mm/h for all Q. Ilex (Figure 13). These are
transpiration rates corresponding to 11:30 — 14:30 hours of the 15 to 17"
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September, 2009. At these hours of the day sap flow rates reach their maximum
values.

Table 12 Calculation of total tree transpiration in the Sardén catchment using the quartiles
(Q) of canopy area distribution.

Q. ILEX
Q1 Q2 Q3 Q4 Total

16 40 100 1000
Mean canopy
area (m”2) 11.1 28.11 65.09 248.97
St. Dev. 2.65 6.73 16.92 180.24
Frequency 19159 17992 20092 18338
Mean sapwood
area (m"2) 0.02146 | 0.031666 0.053854 0.164182
Reference tree llex1 Tlex3 Ilex3 Ilex2
Sap flux dens.
(m"3/m”2/h) 0.1012 0.0395 0.0395 0.0348
Sap flow
(m"3/h) 0.0021 0.0012 0.0021 0.0057
Crown cover 376.18 158.18 61.17 17.52
T (m"3/h) 0.82 0.20 0.13 0.10 1.25
T (mm/h) 0.12

Q. PYRENAICA
Q1 Q2 Q3 Q4 Total
22.61 69.21 152.51 995.48

23 70 152 1000
Mean canopy
area (m"2) 13.4 44.44 105.66 333.07
St. Dev. 4.56 13.64 23.2 192.96
Frequency 5613 5414 5375 5458
Mean sapwood
area (m"2) 0.008 0.030 0.073 0.232
Reference tree Pyrl Pyrl Pyr3 Pyr2
Sap flux dens.
(m"3/m"2/h) 0.1284 0.1284 0.0857 0.0371
Sap flow
(m”3/h) 0.001 0.004 0.006 0.009
Crown cover 1,063.63 332.50 140.86 44.01
T (m"3/h) 1.14 1.29 0.88 0.38 3.69
T (mm/h) 0.37
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Total

catchment

transpiration

(mm/h) 0.49

It is possible that the modelling of tree transpiration in the smaller and bigger
canopy area classes may have suffered misestimation, as the samples of sap flux
density were taken only in mid-aged, healthy trees with a uniform, straight trunk.

The results of the Penman-Monteith estimation of transpiration are presented in
Table 13. The reasons for non-agreement explained in Chapter 3.2 apply also to
catchment level, notably the underestimation of Q. Ilex transpiration due to the use
of data of the outer 2 cm of sapwood.

Table 13 Important variables and results of the Penman-Monteith calculations at the
catchment level. Definitions and formulas are given in Chapter 2.4.

Day Species | ATemp L e, Eean K T
Date Name Kelvin | W/m? Pa m/s Unitless mm/h
7.44067 E-
15/09/2009 Q. Ilex 11.462 179.002 1.856 0.226 06 0.15817
Q. 7.44067 E-
15/09/2009 . 10.016 179.002 1.856 0.412 0.04755
Pyrenaica 06
7.46723 E-
16/09/2009 Q. Ilex 12.194 179.002 1.771 0.075 06 0.47556
7.46723 E-
16/09/2009 | Pyrenaica 10.748 179.002 1.771 0.137 06 0.14299
7.46561 E-
17/09/2009 Q. Ilex 13.135 179.002 1.667 0.126 06 0.2826
7.46561 E-
17/09/2009 | Pyrenaica 11.688 179.002 1.667 0.230 06 0.085
Total 1.1919
Total m*/h 11.919
3.5. Considerations on sources of error

Canopy area and Leaf Area Index (LAI) have been used throughout this study
to upscale tree transpiration. It is therefore necessary to consider the uncertainties
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related to the generation of these scalars, both in the field and with the aid of remote
sensing.

The segmentation of tree canopies obtained by object-oriented analysis is very
satisfactory but still not perfect in all areas of the Sardén catchment. Trees that grow
too close together have been segmented sometimes as one tree (Figure 8). This
generally does not have a negative influence on transpiration at the tree level,
because the transpiration from a “double tree” is equal to the sum of the transpiration
for two separate trees. Nevertheless, for upscaling purposes, the Biometric
Upscaling Functions may not work as well with “groups” of trees. That is specially
the case if the trees have different stem diameter. Segmenting the image to a finer
scale (and probably using another algorithm) could maybe have enhanced the
canopy delineation, but it is time- and computational expensive. Moreover, the
identification of individual trees in dense forest stands is still a challenge in object-
oriented analysis (Chavarro, 2009).

Another factor influencing the variability of canopy area in the Sardén
catchment is the management of agricultural land. It was observed during fieldwork
that cattle eat tree branches and reshape the lower part of the canopies (Figure 14).
Also, many pruned trees were to be found, which is a normal pattern in the region.
“Several prunings are done during the life of the oaks (...), the aim is to maximize
acorn production” (Joffre et al., 1999). Oak acorns are the principal food for the
high-value Iberian pig. For this reason, a truly representative tree sampling in the
area is difficult to obtain, and transpiration estimations based on canopy area are
highly variable.

Figure 17 A canopy of Q. Pyrenaica modified by pruning and by cattle.
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Because pruning increases the area of empty spaces within the canopy, thus
making it permeable to heat fluxes from the ground, radiation-based estimations of
transpiration are subject to inaccuracies. For example, canopy temperature can be
retrieved from thermal remote sensing products. To date, the spatial resolution of
thermal imagery is not lower than 90 by 90 meters. That means that pixels have a
mixture of soil and canopy thermal radiance, not always easy to separate, especially
if pruned trees are present.
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4. Conclusions

Recalling the research questions made in Chapter 1.3, and evaluating the
results presented in Chapter 3, the following conclusions were drawn:

Object-oriented analysis of high-resolution satellite images contribute
significantly to the accuracy of transpiration estimations by supporting pixel-based
land cover classifications and radiation analysis at the canopy level. The Quercus
species present in the Sard6n area are difficult to identify spectrally during the dry
season (Figure 3), hence species identification relied on semantic properties of each
tree, defined as an object. In the same way, the radiation distribution of individual
canopies could be assessed for a large area with an object-oriented approach in order
to scale up transpiration as a function of temperature.

Upscaling is a convenient method to include in the otherwise complex water
balance solution of Water Limited Environments. Despite the ease of
implementation, care has to be taken in the selection of a sampling method and
suitable scalars. The selection of an upscaling method for tree transpiration depends
on the purpose of the study or project, from which a sampling scheme, required
accuracy and available resources will be decided upon. Transpiration is species-
specific, and also site-specific. In the Sardén catchment, sapwood area and canopy
area proved to be good estimators of tree transpiration (Table 9), but no general rules
can be concluded, as plants tend to adapt to different environmental conditions by
anatomical modifications.

The correct characterization of the variation of biometric parameters used in
the upscaling process is fundamental for the accurate estimation of tree transpiration,
especially at larger spatial scales (Figure 10). For this reason, field measurements are
important control data. Also, the increasing accuracy of remote sensing techniques
(for example the use of radar to estimate tree height) will improve the estimations in
the near future.

The “Big Leaf” model is an upscaling method that is easy to implement and
gives acceptable results. Nevertheless, many assumptions are made when using it
and as a result, the upscaling results might be difficult to interpret if there is no
previous knowledge about the species studied and the environmental conditions. If
this knowledge is available, then certain improvements can be made to the model;
for example, surface temperature specifications, like the one demonstrated in
Chapters 2.5.2.2 and 3.3.
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