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Abstract. This study aimed at determining the transpiration characters of Juniperus macrocarpa in a
close to 40-year-old even-aged stand categorized into three classes based on canopy size, over a two-year
period (2011-2012). The site is located in Palaiochora, 77 km south of Chania, on the southwest coast of
Crete. Sap flow techniques (Granier-type) were used to determine water use. Annual trends in sap flow
were generally bell-shaped, and varying significantly between seasons and canopy classes. Winter sap
flow was minimal but trees were active when temperatures were above freezing point and trees depended
on deep water (below 60 cm) for transpiration. Rates increased from 1.46 Ld™ in winter to 3.32 Ld™ in
the spring, irrespective of tree canopy class, because of improvement in weather conditions. Maximum
transpiration rates were observed during the growing season with an average of 134.42 Ld™ for dominant
trees and 8.68 Ld™ for suppressed ones. The daily variations in photosynthetically active radiation, vapor
pressure deficit, air temperature, and surface soil water were the principal drivers for transpiration during
the growing season. The findings have shown that climate in Crete does not limit the expansion of J.
macrocarpa and that this expansion will have potentially significant impacts on the ecohydrology of the
system.

Keywords: Juniperus macrocarpa, sap flow, semi-arid ecosystems, soil water content, transpiration
rates

Introduction

Invasive woody species encroachment into semi-arid grasslands has been attributed
to the introduction of livestock, fire suppression (Van Auken, 2000), changes in climate
(Reich et al., 2001), increases in atmospheric CO, concentration (Bradley and
Fleishman, 2008) landscape fragmentation (Briggs et al., 2007), reduction in wood
harvest rates by native Americans (Fredrickson et al., 2006), dispersal by humans and
birds, and natural expansion of the species (Van Haverbeke and Read, 1976). Generally,
Junipers are widely distributed across the northern Mediterranean region, some taxa’s
are grown natively and few are considered to be invasive to the designated study area
(Farjon, 2005; Adams, 2014).

Juniperus macrocarpa as an evergreen coniferous species has a predominantly large
potential for accommodating precipitation. This is due to the evergreen nature of the
species, the relatively large surface leaf area, and considerable intrusion by the
understory litters. Water losses estimation from the collective intrusion of juniper
canopies and underlying litter layers may reach 70 to 80% depending on the species and
site conditions (Thurow and Hester, 1997). Owens et al. (2006) reported that 47% of
precipitation intrusion by the Ashe juniper (Juniperus ashei) canopy and understory
litters. The authors estimated that for a densely covered Ashe juniper forest, closely to
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250 mm precipitation would be intervened annually. Owens and Ansley (1997) resolved
that the potential transpiration rate of a mature Ashe juniper may reach to 125 L of
water per day, which would be equivalent to 300 to 450 mm water annually on a
landscape scale, depending on the forest dense cover (Elhag and Bahrawi, 2017a).

Other studies on water use by Juniperus species have shown that stand level
transpiration rates range from 0.23 to 1.13 mm day™ in Utah juniper (Juniperus
osteosperma) in Arizona and New Mexico, 1.21 mm in alligator juniper (J.
daydeppeana) in Arizona, and 1.90 mm day™ in Ashe juniper (J. ashei) in Texas. These
comparatively low transpiration rates reflect juniper’s conservative water use which
allows it to survive in dry areas (Heilman et al., 2009).

Although several studies have examined the water use in Juniperus species, very few
have been conducted on J. macrocarpa especially in semi-arid plains (Van Auken and
Mckinley, 2008), where soil water has been testified to be the key limiting factor for
plant growth (Chaves et al., 2003; Duursma et al., 2008). Meanwhile, the relative
grasses and woody species abundance in semi-arid ecosystems determines the
vegetation type (Darrouzet-Nardi et al., 2006; Bradley and Fleishman, 2008).

Moreover, scenarios of future climate change predict increasing air temperatures
with increases in water vapor pressure deficits (VPD) experienced by plants (Harmsen
et al., 2009). The frequency, intensity, timing, and distribution of precipitation will also
be altered (Stocker, 2014). Such vicissitudes will influence vegetation function
(especially water vapor flux) and will alter the consequences of the climate and
vegetation interaction. Consequently, it is imperative to comprehend the means
underlying the plant function and climate interactions in term of efficient water
resources management and vegetation (Porporato et al., 2004; Elhag and Bahrawi,
2016).

The heat dissipation method (Granier, 1987) which is designed to measure tree sap
flow is the most frequently utilized practices in ecophysiological and forest hydrological
studies for whole-tree water use in xylem sap flow determination due to its plainness, a
high degree of precision and consistency (Lu et al., 2000).

The adopted technique is based on two probes. The first probe is the heated probe
and the second is the reference probe made of stainless steel needle. The basic principle
of the two probes is to sense the temperature difference generated between the two
thermo-couple copper wired probes. Therefore, both probes are literally implanted into
the stem 10-15 cm apart from each other (Granier, 1987; Lu et al., 2000).

The current research hypothesis assumes that is that Juniperus macrocarpa is
responsible for the shifts of the groundwater content in the study area. Therefore,
Juniper transpiration rates are subjected for comprehensive investigation in the
designated study area. The goal of the study is to estimate the whole-tree water use in
term of transpiration of the woody species Juniperus macrocarpa in semi-arid
ecosystems of western Crete and the transpiration rate significances on the water
balance, soil water availability, and consequently groundwater recharge in the
ecosystem.

Materials and methods
Study species

Juniperus macrocarpa is a dispersal shrub up to 6 m height; once in a while it may
reaches up to 15 m height. Leaves are lanceolate in principle up to 20 mm long and up
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to 4 mm wide. The stomatal structure is a dual band split by a midrib on the inward
surface (Farjon, 2005). The seeds are berry-like in cones forms with a waxy covering
and usually scattered (Adams, 2014). The dust cones are yellow, reaches to 3 mm long,
and shedding off its duct shortly after winter (Mufioz-Reinoso, 2004).

Study area

The study area located in the South West of Crete and covers an area of about
4317.21 ha, 35° 25'51" N and 35° 09'47" N latitudes, 24° 32'07" E and 24° 54'42" E
longitudes (Fig. 1). The recognized stand history and the relatively unvarying age of the
Juniperus macrocarpa grown in the study area make it distinctively accommodated to
address the issue of tree expansion in the arid ecosystems. The climate is recognized as
semi-arid continental, mean annual precipitation is close to 750 mm, falling mainly in
the winter season. The mean maximum temperature in July of 35.3 °C, while the mean
minimum temperature in January of -3.8 °C, with the Mean annual temperature of
18 °C. Soils are loamy clay which is covered mostly by pastoral forest areas of maquis
vegetation (Christodoulakis, 1996; Georghiou and Delipetrou, 2010).
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Figure 1. Location of the study area

Experimental design

The site selected for the study is a stand of J. macrocarpa with a dense canopy. The
stand is characterized by slope gradient of 27 °C and slope aspect of West with slope
position of West to Southwest. A 50-m x 50-m area was fenced and basic inventory
measurements were conducted. Tree density was recorded as 520 trees ha™. Moreover,
22 trees were selected for sap flow measurement. All the trees were even-aged around
40 years old. Three different classes were selected based on the canopy and growth of
the trees (Hegazy and Elhag, 2006). The range of the tree height and the diameter at
breast height (DBH) for each class is demonstrated in Table 1. Soil moisture
determination was carried out using ML2 Theta Probe installed at a different soil depth

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1659-1672.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1602_16591672
© 2018, ALOKI Kft., Budapest, Hungary



Elhag — Bahrawi: Evaluation of the transpiration character of Juniperus macrocarpa as an invasive species in western Crete, Greece
- 1662 -

of 20, 40 and 60 cm, respectively. Collected data stored in 15 seconds interval using
CR10X, Campbell Scientific Inc., UT data logger.

Table 1. The tree DBH and the tree height range from the selected stand

Tree DBH (cm) Tree height (m)
Tree classes - -
Max. Min. Avg. Max. Min. Avg.
Dominant 18.74 16.14 17.44 9.09 7.89 8.49
Co-dominant 14.35 11.35 12.85 7.66 6.26 6.96
Suppressed 10.2 6.8 8.5 5.9 4.3 5.1

Sap flow and sapwood measurements

The quantification of the J. macrocarpa transpiration rate was carried out following
Granier (1987). Based on the heat differences between the heated probe (implanted in
the tree trunk) and the referenced probe (2 cm apart) at time t the temperature difference
ATwm (°C) were constantly recorded for sap flux estimation. Based on the experiential
association of Granier (1987), the density of the sap flux was conducted in term of Js, ¢
m?s™ as follows (Eq. 1):

ﬂz:‘f_ﬂr)i.zal

I = 119( -

(Eq.1)

Clearwater et al. (1999) suggested an empirical correction for sap flux estimation
when the sap wood depth is less than 2 cm (Eq. 2):

AT-paTyy + 1231

ATy ——
Jo =119 | —mr—saryy— (Eq.2)

a

where
a is the probe proportion in sapwood
b is the probe proportion in the heartwood, where b =1 - a.

Transpiration rates determination in term of (L day™) was conducted as a
multiplication of the sapwood area by Js. Annual transpiration rate of J. macrocarpa
canopies in terms of (Ec, mm yr) was conducted by multiplying Js with sapwood area
(As) per unit ground area (Ag) following Oren et al. (1998; Eq. 3):

E = ]. j—; (Eq.3)

The determination of the evaporative fraction is based on the energy balance
conducted from meteorological stations (Su et al., 2001; Elhag, 2016). Consequently,
the net radiation “Rn” is estimated by Equation 4:

Ri=GO+H+A-E (Eq.4)

where
Rn is net radiation (watt/m?),
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GO is soil heat flux (watt/m?),

H is turbulent heat flux (watt/m?),

AE is turbulent latent heat flux (watt/m?),

A is latent heat of vaporization (watt/m?), and
E is actual evaporation (mm/day).

Therefore, the daily evapotranspiration Edaily is exercised following Elhag and
Bahrawi (2017b) as (Eq. 5):

Edaily= A *x8.64x10" x T~ 0 (Eq.5)

Apw

where
Aff is daily evaporative fraction
Do density of water measured in kilograms per cubic meter.

Statistical analysis

Initially, a various relapse approach was utilized where every single ecological
variable was plotted in a stepwise and covariates relapse. The choice strategy preutilized
to distinguish the factors which clarified the main changeability in sap stream. The
various relapse approaches were first performed on the whole informational index and
afterward performed inside each season. Second, a blended model investigation was
consequently performed where the trees were plotted as an irregular impact taking into
consideration the changes in the covariance structure. The model was kept running on
the general information at to start with, at that point taking a gander at singular months
lastly at various seasons.

Results

Trends in air temperature were reliable with the archived metrological data (22-year
average), with the maximum temperature recorded in August (> 32 °C), and minimum
temperature recorded in January (< -6 °C). Recorded precipitation data in 2011 was
significantly exceeding the average (780 mm), while that of 2012 was average (590
mm).

The seasonal soil volumetric water content was highly variable at the 20 cm depth,
reflecting recent precipitation events. In contrast, the water content at the 40 and 60 cm
depths was less responsive to precipitation events. The site received a total of
229.8 mmol m? s™ of photosynthetically active radiation in 2011 and 213.9 mmol m?s™
in 2012. The cloudier days observed throughout the growing spell of 2012 could be
recognized as a lower Photosynthetically Active Radiation (PAR) in 2012 relative to
2011 as is shown in Figure 2.

Annual transpiration trends were generally bell-shaped (Fig. 3). Transpiration rates
varied significantly between seasons represented as Day of the Year (DOY). Maximum
transpiration rates were observed during the growing season with an average of
134.42 Ld* for dominant trees and 8.68 Ld™ for suppressed ones. The highest daily
rates for the largest tree measured was more than 30-fold that of the smallest tree. This
was probably a result of the greater leaf area (green canopy), vigor, and exposure to
radiation in larger trees relative to the suppressed ones (Tables 2 and 3).
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Figure 2. The daily average of soil volumetric water content (VSWC) in different depths

Table 2. Descriptive data of sap flow in L day™

Season Mean Std. error
Winter 1.464d 0.10
Spring 3.32cd 0.20
Summer 16.62 a 0.31
Autumn 10.77b 0.43
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Table 3. Tree class description in the designated study area

Average height of
Canopy class  |Average DBH (cm) Ar:/eeigigte(xe life bre‘?nchesg from A;’;;ggi %g/f) §n
the ground (m)
Dominant 17.44 8.49 191 75.51
Co-dominant 12.85 6.96 1.78 73.68
Suppressed 8.5 5.1 3.2 10.57

The fall season commenced at the beginning of September and ended in November.
The fall was characterized by wet conditions, accompanied by a sharp decrease in PAR
and air temperatures, and the resulting transpiration rates (Fig. 3).

With the onset of the spring season, the average daily air temperatures increased
from 12 °C to 26.3 °C (in both years), and light levels increased significantly from
119 pmol m? s to 1298 pmol m? s™ in 2011 and 50.9 pmol m?s™ to 1301 pmol m?s™
in 2012. These higher PAR levels and warmer temperatures, in conjunction with
increased cell and photosynthetic activities, resulted in increased transpiration rates. The
transpiration rate increased from 1.55+0.08 Ld™ in the winter period to 3.29 + 0.15 Ld™
in the spring, irrespective of tree canopy class.

Variations in air temperature and light levels were shown to have the greatest
influence on the transpiration of J. macrocarpa. Soil water content limitation varied
with depth and depended on the season. Figure 4 shows the daily maximum and
average sap flow in correspondence to the minimum and maximum air temperatures.

Sap flow tendencies were commonly plotted as bell-shaped curves over the daily
sampling time of 24 h, with the peak sap flow occurring near noon in spring and
summer and around 1400 h in the fall. Significant diurnal variability in sap flow rates
was observed and was related to variations in air temperature. In the fall, sap flow for
dominant, co-dominant and suppressed trees increased from 0800 to 1400 h, peaked just
after 1400 h and then began decreasing after 1600 h (Fig. 5).

Table 4 indicates that photosynthetic active radiation, precipitation, and VPD had the
greatest influence on the transpiration rates of Juniperus macrocarpa. Analysis of
variance for the measured environmental factors influencing tree transpiration rates is
presented in Table 4. On an annual basis, all measured environmental parameters had
significant impacts on tree level transpiration rates with the exception of volumetric soil
water content at 40 and 60 cm depths, which were expected since water was not a
limiting factor in 2011 and 2012. To understand the relative importance of a specific
environmental parameter to the seasonal trend of tree-level transpiration rates, the data
were grouped into four seasons.

In winter, which included December through to the end of February, least and mean
air temperatures, rainfall, photosynthetic active radiation, average relative humidity, and
deep soil water (60 cm) had a significant effect on the transpiration of the trees
(Table 4). Air temperatures fluctuated between 3.2 °C (min temperature) and 16.8 °C
(max temperature) during this period, and positive transpiration rates were observed at
air temperatures greater than 14 °C.

The summer season started in May and ended in August. Daily average air
temperatures and PAR reached their maximum of around 40 °C and 1488 pmol m? s™
in 2011 and 30 °C and 1398 pmol m™ s™ in 2012.
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Figure 3. Maximum, mean and minimum sap flow recorded for evenly aged J. macrocarpa
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Figure 4. Daily sap flow behavior as a function of minimum air temperature (TA min) and
maximum air temperature (TA max) within the designated study area

Daily, whole-tree transpiration (sap flow estimations) reacted significantly to the
sunlight. Daytime sap flow as a rainfall and soil water content function was not
substantial. However, within-day variability is highly connected to light levels (PAR).
Figure 5 shows how sensitive the flow to sudden changes is in light (example: a cloud
passing). When PAR showed an increase, or decrease, the sap flow increased or

decreased instantly.

Discussion

The values obtained are comparable to the water use values measured on other
Juniperus sp. (Table 1). Transpiration rates of Juniperus macrocarpa trees in the
designated study area varied among canopy classes, with highest values observed in the
dominant canopy, followed by the co-dominant and finally the suppressed canopy. This
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is in covenant with the outcomes of Granier et al. (1996), Andrade et al. (1998) and
Meinzer et al. (2001), who reported that canopy status (dominant, co-dominant, and
suppressed) is the key feature defining sap flow rates. According to Lassoie et al.
(1983), photosynthetically active radiation is the most important environmental factor
regulating photosynthesis in understory eastern red cedar. Hence, transpiration in
understory eastern red cedar (for the suppressed stands) is in great part light-limited
throughout the 5-month period when fully expanded overstory leaves are present.

Table 4. Rehashed measure examinations of fluctuation by year, season and month for sap
stream as a component of every day mean temperature (°C), vapor pressure deficit (VPD),
photosynthetic active radiation (PAR), precipitation (mm), daily average soil temperature
(°C) and diameter at breast height (DBH)

Air Temp. VPD PAR Precip. | SM Temp.
(°C) (kPa)  |(mmol m?s?)| (mm) (°C) DBH (cm)
Year 2011/2012 *kk *kk ** k%% *kk *
Summer el * *x - - *
Fall - - * fale - *
Season )
Winter * - . *%x - -
Spring * * * *k - -
August *% _ * * - *
September - - * - - *
October * * * - , .
November - - - - - -
December - - - R — )
January * - * * - -
Month
February - - - el - -
March - - * * - -
April * - - *% - -
May - - - - * -
June * - - *k * *
July - - Hokk . } *

Only significant interactions are displayed

Transpiration declined in fall and winter but continued progressive when
temperatures were > 0 °C. Results were in agreement to those observed by Briggs et al.
(2002) and explained by the fact that Juniperus macrocarpa trees maintain positive
photosynthesis and stomatal conductance at temperatures above 0 °C and they
efficiently utilize water from the deeper rescinded soil horizons (Briimmer et al., 2012).
This might contribute to the accumulation of biomass and might result in decreased soil
water content, which otherwise will be used to recharge the groundwater in grassland-
dominated areas. Transpiration rates increased with the improvement in weather
conditions, reaching their maximum during the growing season. The absence of a
drought period during our study (2011-2012) did not show the response of Juniperus
macrocarpa to drought stress.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1659-1672.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1602_16591672
© 2018, ALOKI Kft., Budapest, Hungary



Elhag — Bahrawi: Evaluation of the transpiration character of Juniperus macrocarpa as an invasive species in western Crete, Greece
- 1669 -

8.0

Dominant canopy class -

Sap Flow (L/d)

20
Co-dominant canopy class

‘e

10
Suppressed canopy class %

Sap Flow (L/d)

800.0

600.0

PAR (jimol m2s)
s
s
S
S

2000

00

12
Time (hr)

Figure 5. The daily curves of Sap flow (Lh™) and PAR for the three canopy classes of J.
macrocarpa
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However, according to Brimmer et al. (2012), even under drought stress, Juniperus
macrocarpa has the capacity to preserve stomatal opening at low water potentials, and
utilize deeper soil water. The annual transpiration rate per unit ground area (mm yr™)
was estimated for 2011 through scaling up mean flux density by multiplying it by
sapwood area per unit ground area (Oren et al., 1998). Results showed that trees utilized
on average between 0.18 and 1.79 mm d™ and averaged 376 mm yr™, which represented
52% of the annual precipitation, leading to drier soils under forested cover compared to
open grasslands. In winter, fall and early spring, while grasses are dormant, trees were
effectively consuming water that otherwise would go to charge the groundwater (Briggs
et al., 2002).

Leaf water deficit, transpiration and stomatal opening all reflect increase in soil
moisture suction but that, during the day, they are affected also by other factors which
obscure the direct effect of soil moisture (Rutter and Sands, 1958). The logistic relation
is the competition that limits in some cases the grass-land from maintaining its healthy
growth and from another aspect grass-land may limit the expansion of the forests due to
the allelopathic effect (Hegazy et al., 2004). Therefore, low soil moisture content has an
insignificant role in the trees expansion which is also confirmed by the survival of J.
macrocarpa in low soil water content (Seim et al., 2016).

Conclusion

Results indicated that diurnal air temperatures determined the overall stomatal status,
whereas inconstant light levels accounted for stomatal activities during the daylight,
thus regulating the jeopardy of severe water discrepancies. Transpiration character of
the studied species followed the bell-shaped curve with exposure sensitivity. Moreover,
the phenological classes of Juniperus macrocarpa did not considerably affect the
transpiration character. Soil moisture, while very important, did not seem to limit the
expansion of the tree under investigation, unlike what has been observed in the seven
years prior to this study. Therefore, this species can continue invading and displace the
dominant native grasses and potentially affect the groundwater recharge as well as the
surrounding grassland. In conclusion, appropriate management must be designed to
control Juniperus macrocarpa expansion, and more realistic and attainable goals and
management regimes for the current site conditions should be adopted to minimize the
impacts of this continuous invasion of Juniperus macrocarpa on long-term ecosystem
processes especially the surrounding grassland and services including groundwater.
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