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Abstract

Canopy transpiration (E.) of a 50-year old Pinus canariensis Chr. Sm. Ex DC. stand in Tenerife, Canary Islands was estimated
continuously throughout 1 year from August 2000 to July 2001 by means of xylem sap flow measurements. Although there was
pronounced seasonal trend in soil water availability and evaporative demand, E. did not show any clear seasonal trend and averaged
0.80 during the cold-wet and 0.82 mm day ™" during the warm-dry period. This is, because summer drought is often mitigated by a
high relative humidity of the air and a high frequency of clouds due to the north-east trade winds. However, at a given solar radiation
and vapour pressure deficit E. was significantly lower during the warm and dry season than at other times during the year. The
annual total of E. was 252.3 mm, which is significantly below the values estimated for other Mediterranean forest ecosystems and
thus shows a strong adaptation to low soil water availability during periods of great evaporative demand.
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1. Introduction

Pinus canariensis Chr. Sm. Ex DC. is an endemic
conifer species of the western Canary Islands where it
forms pure stands under widely different ecological
conditions (Blanco et al., 1989). In Tenerife, the
distribution limit is between 800 and 2200 m a.s.l. on
north-facing slopes and from 500 up to more than
2500 m a.s.l. on south-exposed slopes (Fernandez-
Palacios and de Nicolas, 1995). These pine forests are
essential for local forestry and contribute also to the
water balance of the island by fog interception (Aboal
etal., 2000). A common habitat feature of pine forests in
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Tenerife is a Mediterranean climate with strong
seasonal changes in water availability and evaporative
demand.

In woody plants from Mediterranean regions
stomatal aperture has been shown to decline signifi-
cantly during the warm and dry season (Epron and
Dryer, 1978; Damesin and Rambal, 1995; Borghetti
et al,, 1998) and thus transpiration is approaching
minimum values or even ceases. In the Canary Islands
however, dryness is often mitigated due to the influence
of the north-east trade winds bringing moisture from the
sea and thus increasing relative humidity of the air and
P. canariensis has been shown to transpire throughout
the whole year (Peters, 2001; Peters et al., 2003).
Despite a few studies on gas exchange (Peters, 2001;
Wieser et al., 2002; Peters et al., 2003) no studies have
focused on the seasonal course of P. canariensis canopy
transpiration based on monitoring xylem sap flow.
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This method provides insight into environmental
limitations and yields results comparable to that of
whole forest ecosystem estimates of water use (Wilson
et al., 2001). Therefore, our specific goals were to
investigate the seasonal variation in canopy transpira-
tion of a P. canariensis stand and to analyse the impact
of environmental factors on canopy transpiration.

2. Material and methods

The study was carried out in an open 50-year old P.
canariensis forest at 1650 m a.s.l. growing on a northern
slope of the Cordillera Dorsal (Morro de Isarda, El
Gaitero, 28°35'N, 27°15’W) in the mountains of La
Victoria, approximately 20 km south-west of la Laguna,
Tenerife, Canary Islands. After reforestation in 1950 the
canopy reached 20 m height in 2001, with a stand
density of 825 trees ha72, a basal stem area of
53.8m*ha!, and a leaf area index (LAI) of
3.4m?*m~2 The frequency distribution of tree dia-
meters at breast height (DBH) at the study site is shown
in Fig. 1.

The field site is characterised by a Mediterranean
climate with a mean annual temperature of 12.6 °C
(absolute minima —4.2°C and absolute maxima
31.2°C), a mean relative humidity of 52% and an
annual sum of precipitation ranging from 460 (Aboal
etal., 2000) to 930 mm (Peters et al., 2003). Opposite to
the typical Mediterranean climate, summer drought is
often mitigated by a high relative humidity of the air and
a high frequency of clouds due to the north-east trade
winds. Further details concerning stand and climatic
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Fig. 1. Frequency distribution of tree diameters at breast height
(DBH) at the study site (open bars) and the relationship between
daily mean tree transpiration over the investigation period (Q) and
DBH. The DBH of the sample trees are noted by the filled circles.
Points were fit by exponential regression: y =0.092 exp(0.06x);
R*=0.92.

conditions are given in Aboal et al. (2000) and Peters
et al. (2003).

According to the World Base for Soil Resources
(FAO, 1998) the soil at the study site is classified as an
andosol. There was a 3-5 cm thick layer of needles on
top of the mineral A (0-50 cm depth) and C (>50 cm)
horizons. The A horizon was enriched with 10% of
organic matter and the soil texture was dominated by the
sand (64-67%) and the slit faction (30-33%), with
varying clay content (2—4%). The volumetric saturation
water content in 5-50cm soil depth averaged
0.55 4+ 0.05 m® m 3. The rooting depth was estimated
in a 20 m deep ditch close to the study site.

Water xylem sap flow (Q) of six P. canariensis trees
differing in DBH (Fig. 1) was monitored continuously
from 1 August 2000 to 31 July 2001 by means of the
heat-balance approach (Cermak et al., 1973; Kucera
etal., 1977) with a 12-channel battery-operated sap flow
meter (depending on tree DBH electrode length 70 and
80 mm, covering 35 and 45 mm of sapwood depth,
respectively) connected to a data logger unit (P4.1;
Environmental Measuring System, EMS, Brno, Czech
Republic). Data were recorded as 15-min means of
measurements taken every minute. Stems were shielded
with aluminium-faced foam which extended ca. 50 cm
above and below the measuring points. Underestimating
O may be a potential problem because the electrode
length may be shorter than the depth of the sapwood.
Fifty-year old P. canariensis trees have average
sapwood thickness of 90-120 mm. However, as there
is evidence that Q in the inner sapwood is significantly
lower as compared to the outer sapwood (Cermak et al.,
1992; Kostner et al., 1998), we assumed that our
installation sampled 100% of the water flow.

For each entire tree we estimated Q with two
measuring points per tree installed at breast height on
the north-south (Q,,) and east-west (Q.,,) side of the
stem, respectively. For each entire tree the mean sap
flow rate (Q) based on measurements on both sides was
then calculated as:

Qns + Qew .

="

Whole tree transpiration was then calculated by
according to the equation:

Et = QmLc

where E; is the whole tree transpiration and L. is the
length of the circumference of the xylem at measuring
height.

Canopy transpiration (E.) was calculated by apply-
ing a diameter class technique similar to that common in
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forest inventories (Cermak et al., 1982, 2004; Cermak
and Kucera, 1990). An exponential correlation between
DBH and mean daily E; was derived from the trees
under study. Based on this relationship (Fig. 1) and the
number of tree distribution per hectare with respect to
DBH daily E.. was then calculated by integrating actual
E, for each specific day over all the DBH classes.
Finally, E. was related to ground surface area
(mm dayfl).

Canopy conductance related to ground surface area
(g.) was estimated from E. using a simplified inverted
Penman—Monteith equation:

E.

pcpD’

8c = YA

where y is the psychometric constant (kPa K™'), A the
latent heat of water vaporisation (J kg™"), p the density
of the air (kg m ), ¢, the specific heat of air at constant
pressure (Jkg ' K™') and D is the vapour pressure
deficit (kPa). Because D was calculated from climatic
measurements above the canopy (see below) boundary
layer and aerodynamic conductance are included in the
estimation of g.. Due to the open canopy, the low LAI
and hence a strong coupling to the atmosphere we
assumed that g. closely approximates stomatal conduc-
tance (Oren et al., 1999).

Air temperature, relative humidity (RHA1, Delta-T,
Cambridge, UK), solar radiation (LI190 SA, Li-Cor,
Lincoln, NE, USA), wind velocity and precipitation
(Skye Instruments, Landrindod, UK) were monitored at
a 20 m tower; and soil water content (SWC) in 40—
45 cm soil depth was monitored with a Theta Probe
(Delta-T). All environmental parameters were recorded
with a DL2 data logger (Delta-T) programmed to record
30-min averages of measurements taken every minute.
Due to a rain gauge break down missing precipitation
data for the period 1 January—12 June 2001 rainfall data
for this period were obtained from the Los Rodeos
Meteorological Station at 632 m a.s.l.; 20 km east of the
study site (source: http://www.tutiempo.net/clima)
which is the closest reliable station to our study site.

3. Results and discussion

The seasonal patterns of environmental parameters
were representative for the climatic conditions at the
study site, which are characterised by an alternation of a
warm and dry period from May to September and a cold
and wet period from October throughout April (Fig. 2).
Solar radiation (R,) varied between 34.2 (20 June)
during the summer and 2.2 MJ m~ 2 day ' (20 Decem-
ber) during the winter (Fig. 2). Mean average air
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Fig. 2. Seasonal course of daily sum of solar radiation (R;), mean
daily wind velocity (vwing) mean daily air temperature (7y;,), mean
daily vapour pressure deficit (D), mean daily soil water content (SWC)
and daily sum of precipitation (P, solid bars) in a Pinus canariensis
forest at 1650 m a.s.1. Tenerife, Canary Islands between 1 August 2000
and 31 July 2001.

temperature (7) was 13.0 °C and varied between 25.5
(13 July) and 3.2°C (2 May). Daily mean vapour
pressure deficit (D) averaged 1.42 and 0.81 kPa during
the warm and dry and a cold and wet period,
respectively (Fig. 2). Daily mean wind velocity (v)
averaged 1.1 ms ™', and the total sum of precipitation
throughout the investigation period was 638 mm
(Fig. 2). Due to frequent precipitation during the cold
and wet period (567 mm), soil water content reached a
maximum of 0.57m°>m~> on 16 December, and
declined progressively from May throughout fall,
reaching a minimum of 0.22 m*> m > on 17 September
(Fig. 2). Because of the large variation in Q among
individual trees (Fig. 1) values of each tree were
converted to a ratio of the maximum daily mean value
observed throughout the study period (1.98, 1.67, 1.74,
1.06, 0.89 and 0.76 kgh™', respectively, from the
largest to the smallest sample tress) and thus permitting
a better comparison of Q to environmental variables. In
order to avoid the problem that stem capacitance may
affect the analysis of transpiration responses to variation
in environmental conditions (Oren et al., 1998; Ewers
et al., 1999) we averaged diurnal values of Q derived
from each tree to daily means. In general, Q increased
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with increasing DBH (Fig. 1) because the quantity of
foliage in terms of needle biomass or surface area is
positively correlated with stem diameter and hence also
sapwood area (Waring et al., 1982; Margolis et al.,
1995). However, the latter was not investigated.
Nevertheless, the individual trees under study did not
differ significantly in their responses to water avail-
ability and climatic parameters (data not shown).

In Mediterranean type evergreen forests the domi-
nant factors controlling Q are a low soil water
availability, and a high evaporative demand in terms
of D (Losch, 2000; Larcher, 2001). During the dry
period, when soil water content was lower than
027 m*m~3 (—0.3 MPa soil water potential) Q
decreased linearly with decreasing soil water avail-
ability (Fig. 3).

Seasonal variations in daily mean Q were also
correlated with Ry, 7, D and v conditions at the study
site. During the wet period with ample soil water
availability Q was linearly correlated to R (Fig. 4), T
(Fig. 5) and D above the canopy (Fig. 6) as also
observed in tropical forests (Oren et al., 1996; Phillips
et al., 1999), while the influence of v was negligible
(Fig. 7). However, at given R, (Fig. 4), T (Fig. 5) and D
(Fig. 6); O was significantly lower during the warm and
dry season than during the wet and cold period.
Moreover, Q tended to reach its maximum at mean daily
R,>250 Wm2 (Fig. 4), a mean daily 7> 22°C
(Fig. 5) and mean daily D > 2kPa (Fig. 6). This
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Fig. 3. Normalised mean daily sap flow (Q) as a function of soil water
content during the wet (solid circles) and the dry season (open circles)
in a Pinus canariensis forest at 1650 m a.s.]. Tenerife, Canary Islands.
Values are mean of six trees £ S.E. Means were selected according to
a stepwise increase in soil water content of 0.01 m®>m>. For
SWC < 0.27m>m™> points were fitted by a linear regression:
y=10.76x — 2.12; R* = 0.86.
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Fig. 4. Normalised mean daily sap flow (Q) as a function of daily
mean solar radiation during the wet (solid circles) and the dry season
(open circles) in a Pinus canariensis forest at 1650 m a.s.l. Tenerife,
Canary Islands. Values are mean of six trees &= S.E. Means were
selected according to a stepwise increase in daily mean solar radiation
of 50 W m 2. Points were fitted by regression analysis: wet season:
y=0.002x — 0.11; R* = 0.87; dry season: y = (—0.000015x + 0.0085)
x — 0.74; R* = 0.63.

behaviour can be attributed to a decrease in g. with
increasing D (Fig. 8) as also observed in other forest
ecosystems (Lopushinsky, 1986; Meinzer et al., 1993;
Granier et al., 1996, 2000; Hogg and Hurdle, 1997,
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Fig. 5. Normalised mean daily sap flow (Q) as a function of daily
mean vapour pressure deficit during the wet (solid circles) and the dry
season (open circles) in a Pinus canariensis forest at 1650 m a.s.l.
Tenerife, Canary Islands. Values are mean of six trees = S.E. Means
were selected according to a stepwise increase in daily mean vapour
pressure deficit of 0.25 kPa. Points were fitted by regression analysis:
wet season: y = 0.602x + 0.02; R?= 0.95; dry season: y = (—0.08x +
0.37)x +0.07; R* = 0.81.



V.C. Luis et al./Agricultural and Forest Meteorology 135 (2005) 117-123 121

1

0.75 |
S os0f ¢
2
s
[7}
4

0.25 |

o 1 1
0 10 20 30

Temperature [°C]

Fig. 6. Normalised mean daily sap flow (Q) as a function of daily
mean temperature during the wet (solid circles) and the dry season
(open circles) in a Pinus canariensis forest at 1650 m a.s.l. Tenerife,
Canary Islands. Values are mean of six trees & S.E. Means were
selected according to a stepwise increase in daily mean temperature of
2.5 °C. Points were fitted by regression analysis: wet season: y =
0.97x — 0.58; R* =0.97; dry season: y = (—0.0028x + 0.121)x — 0.83;
R>=0.96.

Jiménez et al., 1996, 1999; Zimmermann et al., 2000).
Stomatal closing due to increasing air and soil drought
has also been found in P. canariensis at the leaf level
(Peters, 2001; Peters et al., 2003) as well as in other
Mediterranean tree species (Epron and Dryer, 1978;
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Fig. 7. Normalised mean daily sap flow (Q) as a function of daily
wind velocity during the wet (solid circles) and the dry season (open
circles) in a Pinus canariensis forest at 1650 m a.s.l. Tenerife, Canary
Islands. Values are mean of six trees + S.E. Means were selected
according to a stepwise increase in daily mean wind velocity of
05ms .
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Fig. 8. Mean daily canopy conductance (g.) as a function of mean
daily vapour pressure deficit during the wet (solid line and filled
circles) and the dry season (dotted line and open circles) in a Pinus
canariensis forest at 1650 m a.s.l. Tenerife, Canary Islands. Each data
point presents the mean of two to five daily mean values + S.E.
Points were fitted by an exponential regression: wet season:
y=2.5exp(—041x), R*=0.82; dry season: y=2.3 exp(—0.58x),
R*=0.75.

Damesin and Rambal, 1995; Borghetti et al., 1998;
Mediavilla and Escudero, 2003) and thus significantly
reducing vegetation water loss.

This drought adaptation mechanism in P. canariensis
enables to delaying desiccation through extremely
conservative water use. Thus, in terms of Levitt (1980)
P. canariensis can be classified as a water-saving and
drought-avoiding species. Conservative water use
behaviour has also been reported for several evergreen
Mediterranean oak species (Nardini et al., 1999;
Mediavilla and Escudero, 2003). Because P. canariensis
develops up to 15 m deep roots trees can make use of
ground water sources to maintain a favourable water
status (Dawson, 1994; Villar-Salvador et al., 1997).

Due to the combination of a declining g in response
to increasing evaporative demand and access to deep
soil water reserves, E. was conservative and did not
show a significant reduction when the period when the
soil was dry (Fig. 9). E. averaged 0.80 and
0.82 mm day ' during the cold and wet period and
during the warm and dry period, respectively, and
reached maximum values up to 1.85 mm day ' during
cloudless days with high evaporative demand and ample
soil water availability (Fig. 9). These values are within
the range obtained for evergreen coniferous forests (1—
6 mm day ") during the course of an entire growing
season (Pallardy et al., 1995). Total annual E. was
252.3 mm yeafl. Thus, annual total E. was about two
to three times lower than transpiration rates reported
for Mediterranean forest ecosystems (Losch, 2000).
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Fig. 9. Seasonal course of daily canopy transpiration (E.) and mean
daily canopy conductance (g.) in a Pinus canariensis forest at 1650 m
a.s.l. Tenerife, Canary Islands between 1 August 2000 and 31 July
2001.

The estimated annual E. was also lower than values
estimated for laurel forest ecosystems in Tenerife
(Jiménez et al., 1996, 1999) but within the range given
for an entire growing season in open boreal
(320 mm year_l; Grelle et al., 1997; 265 mm year_l;
Kelliher et al., 1998), high elevation temperate
(174 mm yearfl; Zeller and Nikolov, 2000) and
European forest ecosystems (300 4 30 mm year ';
Roberts, 1983).

Our last point deals with the ability of P. canariensis
to maintain a relatively high conductance at low soil
water availability (Fig. 9). At soil water contents lower
than 0.22 m> m—3 (—1.0 MPa), we observed daily mean
g. values around 1.42 mm s~ and 34 mmol m 2 s7!
respectively (Fig. 9). Similar low conductance values
during periods of low soil water availability and high
evaporative demand were also obtained in a year round
study on foliar gas exchange at the needle level (Peters,
2001) and thus allowing P. canariensis needles to
maintain a positive carbon gain, at periods of high
evaporative demand even during the dry season (Peters
et al., 2003).

4. Conclusions

In conclusion, our results suggest that that P.
canariensis is well-adapted to cope with low soil water
availability and high evaporative demand, as has also
been shown for other Mediterranean evergreen tree
species (Nardini et al., 1999; Martinez-Vilalta et al.,
2003). Due to access to deep soil water reserves and due
to the fact that gy and stomatal conductance is
significantly reduced during conditions of high eva-
porative demand (Peters et al., 2003) transpiration was

maintained at relatively high rates in spite of the low
precipitation during the dry season. This is, because the
gs of P. canariensis trees declines very rapidly with
increasing evaporative demand. These results should
also be taken into consideration when forecasting the
impact of increasing aridity by climate change models
in Mediterranean regions (IPCC, 2001).
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