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RESUMEN. La transpiracion es uno de los componentes
fundamentales de la dinamica hidrolégica que influyen la
disponibilidad de agua en suelos y acuiferos. En este
estudio se pretende una cuantificacion precisa de la
transpiracion (7) en una escala espacial grande (la cuenca),
desde mediciones puntuales en arboles de robles
caducifolios y de hoja perenne (Quercus pyrenaica y
Quercus ilex, Q.p. y Q.i. respectivamente). También se
descompone 7 en la transpiracion del agua subterrdnea (1)
y de la zona no saturada (7,). Para ello, se evaluan
espacialmente 7, 7, y 7, combinando mediciones
obtenidas a diferentes escalas espaciales y con métodos
complementarios: (a) mediciones precisas de flujo de
savia; (b) mediante el uso de trazadores con isotopos
naturales y enriquecidos; y (c) re-escalamiento espacial
usando imdgenes satelitales de alta resolucion (50-60 cm
por pixel). Usando estos métodos, obtuvimos una
cuantificacion detallada de 7, T, y 7, a lo largo y ancho de
la cuenca de Sardoén, para cada especie y cobertura vegetal.
Estas mediciones se proyectaron en una cuadricula de 1 ha,
para entender mejor los patrones hidrogeoldgicos
espaciales, y para incorporarla después en modelos
matematicos. Los resultados de transpiracion total
(7=0.05-1.2 mm/d) son fiables ya que se encuentran: (a) en
el intervalo de medidas de evapotranspiracion obtenidas
con una torre de mediciones de covarianza de remolinos
(0.6 mm/d); y (b) en el intervalo de resultados de modelado
de la misma zona (0.5 mm/d).

ABSTRACT. Transpiration is one of the important
processes influencing the water availability in soils and
aquifers of all ecosystems. In this study we focused on
producing accurate quantification of transpiration (7) from
single deciduous and evergreen Oak trees (Quercus ilex
and Quercus pyrenaica, Q.i. and Q.p. respectively) to
higher spatial scales, and identify the sources form this flux
into two constitutive elements, namely: groundwater
transpiration (7,) and unsaturated zone transpiration (7).
We propose to quantify 7, Tg and Tu spatially, by
combining measurements obtained at different spatial-
temporal scales from three complementary methodologies:
(a) accurate sap-flow measurements, (b) sourcing of water
fluxes by naturally abundant and enriched isotopes-tracing
(c) spatial up-scaling with high-resolution remotely sensed
imagery (50-60 cm per pixel). We obtained a detailed
spatial quantification of 7, T, and 7, across the Sardon
catchment study area of ~80 km® for each of the species
and for the total canopy cover, projected at 1 ha grid
readily available as input for hydrological models. The

obtained T estimations are between 0.05-1.2 mm/d, in the
range of eddy-covariance measurements of
evapotranspiration (0.6 mm/d) and modelling results
obtained in the same area (0.5 mm/d).

1.- Introduction

The water accessibility tendencies show the imminent
reduction of easily-accessible freshwater sources (Seckler
and International Water Management 1998). In order to
achieve better hydrological management practices, the
hydrological role of the vegetation has been defined as a
key eclement to better understand the hydrological
dynamics of Water Limited Environments during the last
years (WLE) (Abrahams and Parsons 1994; Lubczynski
2009). The vegetation in these environments have
developed different adaptations and strategies to acquire
water to transpire and photosynthesize (Porporato et al.
2001), such as: deep water uptake, stomata closure, water
storage, etc. The adaptations/strategies guarantee a quasi-
continuous water supply for the vegetation through the
whole year, (Noy-Meir 1973), in particular during dry-
season. Hence this transpiration water-uptake becomes one
of the most important mechanisms influencing the water
availability in soils (e.g. depletion of available water from
soil) and groundwater discharge/recharge rates (e.g. direct
groundwater taping) (Lubczynski and Gurwin 2005;
Lubczynski 2009). Transpiration operates and influences
different bio-physical scales in the groundwater-soil-plant-
atmosphere continuum. Therefore, the water-sources for
transpiration and uptake processes are diverse and difficult
to quantify with good accuracy (Lubczynski 2009).

Diverse approaches have been followed to measure
transpiration directly (Cermak et al. 1982; David et al.
2007; Hernandez-Santana et al. 2008), and/or indirectly
(Calder 1978; Caspari et al. 1993; Moore et al. 2008;
Verbeeck et al. 2007). However the underlying challenge is
to acquire measurements and/or estimates with a high level
of accuracy and to interpret and use this information on a
catchment scale, a context in which water-management
decisions are usually made.

The study was developed in the Sardéon catchment a
fractured-granite area where the vegetation is dominated by
oak trees, and its hydrological dynamics are dominated by
a geological fault (Lubczynski and Gurwin 2005). The
water-table in the Sardon catchment can be typically found
between 2 and 10 meters (Lubczynski and Gurwin 2005).
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In this study we aimed to identify, quantify and
characterize the contribution of the groundwater and
unsaturated water (e.g. soil moisture) to the transpiration
uptake regimes and water use strategies of the co-dominant
tree species in the Sardon catchment. Thus we focused on:
(a) producing accurate quantifications of transpiration (7)
from direct measurements in single deciduous and
evergreen oak trees (Quercus ilex var. ballota and Quercus
pyrenaica Wild, Q.i. and Q.p. respectively); (b) sourcing
this flux in its two constitutive elements, namely:
groundwater transpiration (7,) and unsaturated zone
transpiration (7u); (c¢) and up-scale transpiration
measurements to higher spatial scales. We used the
obtained sap-flow measurements, the sourcing calculations
and the up-scaling to estimate 7, T, and 7, in hydrological
units projected in 1 ha grids (mm/d) from all identified tree
covers in the catchment. With the proposed procedure, we
obtained a detailed spatial quantification of 7, 7, and T,
across the Sardon catchment per species readily usable as
an input for hydrological models, such as the MARMITES
model developed for understanding of the groundwater
dynamics (Francés et al. 2011).

2.- Methodology

To quantify 7, 7, and T, spatially, we proposed to
combine measurements from three complementary
methodologies: (a) accurate sap-flow measurements, (b)
sourcing of fluxes by tracing naturally abundant and
enriched isotopes tracers and (c) spatial up-scaling with
high-resolution remotely sensed imagery (Lubczynski
2011).

2.1- Sap flow measurements

Sap-flow constitutes a widely used method to quantify
water use in plants, and if it is properly applied it expresses
transpiration fluxes (Lu et al. 2004). In our study we
conducted a sap-flow monitoring campaign during summer
time in 2009 and 2010 in trees of Q.i and Q.p., using
thermal dissipation probes (TDP) and heat field dissipation
sensors (HFD). We decided to work during the summer
time because in this period the abstraction from deep
sources is more likely to occur (David et al. 2007,
Nadezhdina et al. 2008). To monitor climatic variables we
measured the short-wave radiation (CNR radiometer, Kipp
& Zonen, Delft, Netherlands), rainfall (Wallingford type of
tipping bucket), wind speed, relative humidity, air
temperature (Vaisala Weather transmitter WXT 520,
Finland) , soil moisture (Stevens probes), soil water
potential (MPS-1 and WP4 Decagon) using Automatic
Data Acquisition Systems (ADAS) based on Campbell
logger.

For the TDP measurements we monitored 2 trees per
species in June 23™ until September 21" 2009 and 10 trees
per species in May 29" until September 25" 2010, using 20
mm long, standard Granier-type (Granier 1985) TDPs
sensors (UP Gmbh, Germany). The TDP method uses an
empirical calibration relating measured temperature
difference (AT in °C), to the sap-flux density J, (in
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cm’xecm?xh™) (Granier 1985).

With the HFD method not only the sap-flux density (J,)
but also sap-flux density radial profiles were monitored
(Jpi). We carried out the measurements on the same trees
and during the same time periods as the TDP.
Measurements were recorded every 30 s in 10 min-
averages using a SL5 Smart logger (ICT International,
Armidale, NSW, Australia). The HFD method determines
J, based on the spatial deformation of a heat-field around a
linear heater (placed tangentially in the sapwood of the
studied tree), represented by the ratio of the measured
temperature differences symmetrically (6Tsym) and
asymmetrically (8Tasym) (Nadezhdina et al. 2002;
Nadezhdina et al. 1998).

In order to properly and accurately quantify sap-flow by
combining TDP-HFD measurements, we applied correction
schemes, as described by Reyes-Acosta and Lubczynski
(2011), to remove: 1) biases from the influence of natural-
thermal-gradients (NTG) (Do and Rocheteau 2002a; Do
and Rocheteau 2002b; Lu et al. 2004; Lubczynski et al. in
press), 2) account for variable radial and circular sap-flow
profiles (Poyatos et al. 2007) and 3) to account for night-
fluxes.

2.2.- Water uptake sourcing

In this study, we used stable isotope tracers for sourcing
T, and T7,. This method relies on the enrichment of the
water source (groundwater) with a tracer (Dawson et al.
2002), removing or minimizing the problems of
interpretation brought by fractionation among sources. The
isotopic ratio of the enriched source is amplified relative to
the signal noise becoming easier to detect (Dawson et al.
2002). Moreover, when using enriched isotopes, the
labelled substance has an isotopic composition that
significantly differs from any natural occurring level.

We calculated the source contributions of the
transpiration based on isotopes-tracing experiments using
enriched deuterium during the summers of 2008, 2009 and
2010. We used a network of piezometers for injecting
constant doses of enriched D,O into groundwater, in
general, similar to the set-up of Brooks et al. (2002). The
piezometric network was placed radially surrounding a pre-
selected tree in 4 azimuths (N, S, W, E) at 2 m distance.
Sap flow sensors were monitoring the transpiration on the
selected  trees. This implementation  guaranteed
differentiation of the water sources volume (i.e. ground-
soil water), but it also required a high number of samples
for tracing the isotope pulse with a good temporal
resolution (3 hours sampling during 24 hours). The isotopic
compositions of the sources were determined in separate
sampling schemes. Groundwater samples were taken from
piezometers and kept in hermetic conditions to avoid
evaporation. Soil samples were taken at 25cm, 50 cm, 75
cm and 100 cm and protected against evaporation. The soil
samples were further processed to extract water by
azeotropic distillation (Walker and Richardson 1991).
Xylem water extractions were done directly in the field
from sapwood samples (Lambs and Berthelot 2002).
Ground, soil and sap water isotopic ratios were analysed by
the equilibration technique in the laboratory. We calculated
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the source contributions based on the isotopic composition
of 5 sources and an isotopic mixing model with one
member to explain the sap-water isotopic composition. We
followed the method of Phillips and Gregg (2003), to
determine the range of feasible source contributions to a
mixture when there are too many sources to allow a unique
solution.

2.3.- Transpiration up-scaling

We applied a three steps method to up-scale 7, T, and 7
1) classification of Q.p. and Q.i. tree cover using two high-
spatial-resolution multispectral images; 2) establishing
species-specific biometric up-scaling functions (BUF)
relating the area of the canopy (A.) with the area of the
xylem (Ay) based on a tree biometric-survey; and 3) up-
scaling of sap flow measurements (7) and the sourcing
calculations (7, and T,) to the tree level and at 1 ha grids
(mm/d), using the obtained BUF.

To classify the tree species for the Sardon catchment we
used two satellite images with a high spatial resolution (60-
40 cm per pixel), acquired in two distinctive seasons: a
QuickBird image during the summer of 2009 (August) and
a WorldView-1I image during winter 2010 (December).
These images where first processed to select and highlight
just the areas covered by tree canopies, with an un-
supervised classification of the spectral readings of the red,
near infrared and green bands, as described by Ehlers et al.
(2003). The highlighted areas were then reclassified into
tree species, using an object oriented -classification
algorithm. This method takes into account intrinsic
characteristics of the cover and not just the spectral
response of the objects (Baatz et al. 2001; Dorren et al.
2003; Kimani et al. 2007). We obtained a vector map
defining the location of the species and the area covered by
their canopies.

To develop a robust BUF relating the elements needed for
up-scaling, i.e. scalar and up-scaling parameter, a biometric
survey of more than 100 trees per species was implemented
at defined sectors of the Sardon catchment in 2008 and
2009. The survey focused on measuring tree parameters
highlighted as suitable for up-scaling in other studies
(Chavarro 2009): tree height, diameter at breast height, first
active branch height, projected canopy area and sapwood
area. These measurements were further processed to define
the composition of the population by tree sizes and to
detzermine the BUF with the best correlation-coefficient
(RY).

For the final step, we integrated sap-flow measurements
with the species-classification by applying the best
correlated BUF. In our study we used canopy area (Ac) as
the scalar and the sapwood area as the up-scaling
parameter (Ax). This allowed us to calculate the Ax from
all the trees of the catchment, using the species-
classification Ac calculations. Once Ax was defined for
each tree cover, we calculated the sap-flow rate (XQ,..,) per
tree by multiplying wood rings, each 1 cm deep (Ay.) by
the specific radial sap-flux density for each i depth
obtaining ring sap flow (Q,.) for a standardized summer
day (no cloud conditions and incoming solar radiation
higher than 800 W/m?). For large tree clusters, instead of

up scaling single trees of the cluster with canopies difficult
to determine, we assumed they formed a big “surrogate”
tree. Thus, we could use the A, of the “big” tree to
calculate the A, as a lumped sum of the areas from each
tree in the cluster.

By summing up the measured sap flow from each single
tree in 1 ha, we derived the total transpiration normalized
for that area (mm/d in 1 ha). Finally the partitioned
components from 7: T, and T,, were calculated with the
highest probability source percentages obtained from the
mixing models (see section 3.2).

3.- Results and discussion

3.1.- Sap-flow campaign

Detailed information about the sap-flow campaign of
2009, and the methods for applying correction necessary
for measurements in dry environments can be found in
Reyes-Acosta and Lubczynski (2011). For the campaign of
2010, we covered a wider range of tree sizes and we found
that the variability in terms of sap-flux density was very
low for Q.p. For Q.i. we found a clear difference in the
radial-patterns from small- to medium size specimens (10-
60 cm DBH) versus the bigger ones (>60 cm DBH). The
smaller (younger) specimens tended to be more active in
deeper layers of sapwood (5 to 7 cm deep) than the bigger
specimens (older).

We consider that this pattern is related with the activity of
deeper roots and comparable to sap-flow patterns found in
other oak trees (Nadezhdina et al. 2008) and pine trees
(Cermak et al. 2008). Thus the pattern suggests that
younger Q.i. trees are more actively up-taking water from
deeper sources than older trees. Unfortunately we could not
confirm this hypothesis because the sourcing experiments
were all done in smaller-medium trees. Nevertheless, we
took into consideration the difference between sizes for
Q.i. in the up-scaling calculations by assigning the lowest
percentage obtained in the mixing-models for deep sources.
Even if this assumption is not correct, the up-scaling results
would not be influenced significantly. The reasons are that
an erroneous T,—7, sourcing of bigger trees at 1 ha
calculations would not be significant, as based on our
survey, trees with DBH larger than 60 cm correspond to
less that 10% of the Q.. tree population.

In general we found that during the summer Q.i. had a
mean maximum of sap flux density measurements of 5.7-
6.3 cm’xem?xh? and Q.p. 10-13 cm’xem™xh™, during
cloud-free days for the first 2 cm of sapwood. This
suggests that Q.p. potentially uses more water that 0.7., and
thus demand more water from the environment.
Complementary soil moisture (SM) and soil-water
potential (SP) data provided further evidence of the
influence of the water uptake mediated by the transpiration
on the hydrological dynamics of the soil during the dry
season. We found that SM and SP measured directly under
the canopy of both tree species was lower (<10% and ¥,
<-4 Mpa) as compared to bare soil measured at 12 meters
from the tree (<20% and ¥,, >-3 Bar).
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3.2.- Mixing-models and sourcing results

The results obtained from the sourcing-enrichment
experiments varied temporarily. The range of feasible
source contributions obtained for Q.i. at 11:00 hours in the
morning, clearly shows that groundwater predominated
(70-75%) upon the other waters sources “Fig.la”. This
tendency decreased towards the end of the day, at 20:00
hours, when the groundwater contributed less to the sap-
water mix (40-50%). These results are in agreement with
findings of similar experiments performed in the same
species (David et al. 2007) and other phreatophyte species
(Zencich et al. 2002). Furthermore, our result provided new
evidence on the dynamics of deep water abstraction as we
determined that is not static through time. Based on the
results we concluded that the deep-water abstraction
reaches a maximum during the maximum peak of
transpiration, and decreases towards the day. This is
supported by a strong agreement between the sap-flow
patterns and the 24-hour sourcing data.

For QO.p. the results show a different dynamic, even
though a temporal variation was also found “Fig.1b”. The
range of feasible source contributions at 11:00 hours did
not show any predominance for any of the sources, all of
them contributing with nearly ~25% of the mix. This
tendency was reversed at 20:00 hours, when the
groundwater showed a higher but not completely dominant
contribution (30-50%). As compared to Q.i., there was a
wider range of possible combinations of sources for O.p.,
indicating that the system was less well constrained. This
situation is normally observed during winter conditions
(Phillips and Gregg 2003; Zencich et al. 2002), when there
is more precipitation and the sub-surface layers are less
depleted, therefore isotopic compositions of water sources
¢ are similar. As we performed our experiments on the
peak of the dry season, when the soil normally reaches the
wilting point, it seems there is an inconsistency. However,
QO.p. in the Sardon catchment tends to be located in areas
closer to streams and the river valley (see next section for
the spatial patterns), where the soil moisture in the soil has
a tendency to be less dry due to the shallow depth of the
water table.

Based on this evidence we can affirm that O.p. in the
Sardon catchment behaves as a riparian species, and
uptakes groundwater sources if these are close enough to
the first meter of soil where it holds a high concentration of
roots (Cano 2010). Our results provide more details on the
water-use strategy described by Reyes-Acosta and
Lubczynski (2011); Hernandez-Santana et al. (2008); and
Mediavilla and Escudero (2003). These authors pointed out
that O.p. has a non-conservative water-use strategy, which
together with the new evidence of our data, further
suggests that: 1) O.p. systematically depletes de water from
the sampled soil layers and shallow water table, and 2)
during the night it passively replenishes water transpired
from its tissues preferably from deeper sources with higher
water potential.

3.3.- Up-scaled transpiration and spatial patterns.

The classification results showed that the vegetation
follows a distinctive distribution pattern. Q.p. dominates
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and clusters following the streams areas, the river valley
and the upper side of the catchment, whereas Q.i. mainly
dominates in the lower side of the catchment, further from
streams and the river valley. This spatial distribution
pattern suggests a remarkable niches division between the
oak species. Likely, to lower interspecific competition for
the limiting resource, in this case the water availability. In
the catchment both species are rarely found close to each
other.
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cumulative histogram depicts the DBH variability covered by each newly
sampled size category.

The bio-metric survey showed that we properly covered
the tree-size statistically variability for both species
populations “Fig.2”. Moreover, 90% of both species
populations are composed by sizes of 10 to 70 cm of DBH.
Hence, big and older trees are less representative in terms
of vegetated cover and transpiration.

We determined that the best BUF to be used during the
up-scaling procedure was a lineal relation between the
projected area of the canopy (Ac) and the xylem or
sapwood area (Ax), with a correlation coefficient of R’
0.92 for Q.. and 091 for Q.p. The BUF for Q..
(y=0.009x) was higher than for Q.p.(y=0.008x), indicating
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that the Q.i. has in proportion more A, than Q.p. with the
same A.. Therefore, for this study A, was used as the scalar
and A, as the up-scaling parameter.

The results from up-scaling 7, 7, and T,, had a high
spatial variability “Fig. 3”. The highest transpiration fluxes
were specifically located closer to the streams, valley areas
and the lower part of the Sardon catchment, with values
that ranged between 0.3 and 1.2 mm-day. However, such
areas were relatively small as compared to the rest of the
catchment. Most of the catchment showed T values
between 0.01 and 0.02 mm/d. The up-scaled T estimations
were in the range of actual ET measurements reported from
an eddy-covariance tower 0.7 mm/d (Balugani et al. 2011),
suggesting that the up-scaling and sourcing methodology
produced acceptable results. Nevertheless, it is also evident
that other processes than T could be contributing to the
overall evaporative dynamics where the tower is located. In
terms of water used for 7, as expected from the sourcing
results, it was more important in the areas dominated by
Q.i. In the case of Tu it was higher than 7, and it was more
important in the areas dominated by Q.p.
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Fig. 3. Up-scaled groundwater transpiration (7) of the Sardén catchment
(zoomed-in), showing highest 7} at the riparian zones of the Sardon river
and medium to high 7, at the clusters of Q.i. (north-east 41°5°30”N) (1
cell=1 ha).

In relation to other studies in semi-arid areas, our
estimations of 7 (0.036 mm/d) as compared to actual
evapotranspiration from and eddy tower (E7,= 0.6 mm/d)
are lower (6%). Williams et al. (2004), found that T before
irrigation was nearly 95% during comparable dry
conditions and no irrigation. However, the conditions and
plant arrangements between their site (olive trees orchard)
and ours (semi-natural open forest) is too different to allow
a direct comparison. Yaseef et al. (2010) and Cavanaugh et
al. (2010) reported T values between 42 and 54% from
forest under very dry conditions. However, once again a
direct comparison with our results might be difficult
because: a) the structure of the vegetation cover might be
very different between areas, b) Yaseef et al. (2010) and
Cavanaugh et al. (2010) do not account for possible biases
in sap-flow measurements (e.g. uneven radial flow); and c)
do not provide details on their up-scaling techniques

(scalars, BUFs, etc.).

The estimated T in average seems to be rather low as
compared to ET, but we consider that the reasons are due
to: a) the very dry conditions in which the T was
investigated, and b) a high standard deviation of T (0.06
mm/d), with considerable higher values than average in
areas closer to the river banks where Q.p. clusters are; and
very low values in areas with low tree cover. These reasons
seem plausible, but the conditions in the Sardon catchment
are such, that direct evaporation from the groundwater
seems to be a dominant flux contributing to E7,. For
further details please check Balugani et al. (2011)

4.- Conclusions

The method outlined in this paper provides a reliable
procedure to measure and up-scale 7, and how to integrate
it with other methods to estimate 7, and 7, in different
spatial scales. We confirmed that Q.i. and Q.p. have low T
during the summer but are dedicated phreatophytes, with
clear differences on their water use strategies affecting the
soil water availability. Moreover, we concluded that T, is
more dominant than 7, as a discharging element of the
hydrological system in the Sardon catchment during the
dry season, but 7, importantly influences the soil moisture
properties of the soil. Thus, the up-scaled transpirations
and the highlighted spatial patterns hold a great potential
for future water and vegetation management uses.
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