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a b s t r a c t
Unventilated treeshelters have been widely used to protect seedlings against animal browsing and prevent
seed predation by rodents, when the method used is seeding instead of planting. This last method has
been a common practice in reforestation with oak species in Spain, because it prevents acorn predation.
Although unventilated treeshelters have been widely used in this country, the performance of such devices
under Mediterranean climatic conditions is a matter that deserves further investigations. To ﬁnd out
if treeshelters also provide protection against abiotic stress and improve the potential carbon gain in
sheltered seedlings, we carried out a light and thermal characterization of the atmosphere inside the
treeshelter. Moreover, we assessed the impact of treeshelters on light capture parameters, transpiration
and photosynthesis using a Y-Plant model with Quercus faginea seedlings. Simulations with Y-Plant have
shown that the growth in sheltered seedlings was mainly in spring and was limited by the low light levels.
On other hand, in summer, the low values of potential carbon gain and water use efﬁciency in the sheltered
seedlings could limit the seedling establishment. The main limiting factor during this season was the high
temperatures. Therefore, the choice of the suitable treeshelter in this region must be carefully evaluated.
The treeshelter must warranty high light levels and an optimal air renovation. Photoinhibition risks in
leaves of sheltered and control seedlings have not been previously shown.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Seedling establishment has been considered to be inﬂuenced
by seedling quality, time of planting and site environmental conditions (Burdett, 1990). However, the relative contribution of any of
these factors may change when a particular reforestation program
is undertaken. Thus, Palacios et al. (2009) showed that the role of
the previous site preparation may be more critical than seedling
quality, when reforestation with holm oak under Mediterranean
conditions is considered. The response of the seedling to the environmental conditions and its ability to develop roots determines
whether a seedling will survive the planting process (Grossnickle,
2005; Pemán et al., 2006). Sites to be restored can show extreme
environmental conditions, which alter heat exchange processes
and soil water relations in the plant, specially under subtropical
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(Wang et al., 2007) or Mediterranean climatic conditions (Tormo
et al., 2006; Matesanz and Valladares, 2007).
Soil and atmospheric water deﬁcits are the main limiting factors for photosynthesis and growth, although high irradiance and
temperature also contribute to the reduction in leaf CO2 assimilation; which may ultimately affect seedling establishment (Faria et
al., 1998). Thus, shade can be beneﬁcial in hot arid environments
by reducing leaf temperatures, transpiration and photoinhibition
(Valladares and Pearcy, 1997; Gómez-Aparicio et al., 2004; Esteso
et al., 2006). The reduction of incident solar radiation in seedlings
has been one of the main objectives in afforestation programs in
the Mediterranean region. The traditional forest restoration models in Spain suggested the use of pine species in order to facilitate
the further establishment of late successional species (Ortigosa et
al., 1990), being the shading one of the most important beneﬁts
provided by these plantations. Nowadays, the use of treeshelters
in afforestation could be a feasible alternative for the introduction
of late successional species.
Treeshelters, which are widely used in Spanish afforestation
programs, have been revealed as a valuable method for the
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improvement of some late successional tree species under limiting ecological conditions, which are common in the reforestation
of Mediterranean areas (Navarro Cerrillo et al., 2005). Several different models have been used in these programs, with differential
effects on sheltered seedlings (Bellot et al., 2002; Oliet et al., 2003).
Previous studies registered the microclimatic conditions inside the
treeshelter in Mediterranean regions, which were characterized
by a reduction of radiation and wind, increase of temperature
and marked daily changes in air humidity and CO2 concentration (Bellot et al., 2002; Oliet et al., 2003; Navarro Cerrillo et al.,
2005). Although the use of ventilated treeshelters reduces the
negative inﬂuence of air conﬁnement, unventilated treeshelters
has been widely used for the reforestation with oak species, due
to the extra protection against rodents predation when seeding
instead of planting is the method used (Pemán and Gil-Pelegrín,
2008).
Several studies show that the use of treeshelters have a clear
positive inﬂuence on plant survival, shoot height, internode length,
leaf area and length, and number of leaves (Fabiao and Silva, 1996;
Leroy and Caraglio, 2003) and some other effects on stem diameter
and total biomass (Burger et al., 1996; Bellot et al., 2002; Quilhó et
al., 2003; Navarro Cerrillo et al., 2005). However, few studies have
dealt with the photosynthetic performance of sheltered seedlings,
because it is very difﬁcult to measure directly inside the treeshelters (Kjelgren et al., 1997; Bergez and Dupraz, 1997; Dupraz and
Bergez, 1999; Oliet and Jacobs, 2007). Although CO2 concentration inside the treeshelters is considered a major limiting factor for
CO2 assimilation in sheltered seedlings under well-watered conditions (Dupraz and Bergez, 1999; Bergez and Dupraz, 2000), its
inﬂuence remains unclear when Mediterranean conditions (high
temperature and soil water deﬁcit) are considered. In addition,
to the extend of our knowledge, there are not published results
about the relationship between shoot architecture in sheltered
seedlings and (i) the efﬁciency of light capture and (ii) the increase
in susceptibility to photoinhibition under Mediterranean climate
conditions. Thus, the study of the effect of the treeshelter on microclimatic conditions affecting plant growth will allow the design
of a treeshelter with an improved performance under Mediterranean climate conditions. In this way, the study of the structural
and physiological changes, mainly related to the photosynthetic
activity, of sheltered plants will also improve the design of the
treeshelter.
Several computer models have been developed to simulate
the shoot architecture, and accordingly estimate light interception, transpiration and carbon gain by the whole plant (Pearcy
and Yang, 1996). By measurements of shoot geometry, physiological and morphological leaf parameters and environmental
conditions, these models can reconstruct a three-dimensional
image of the shoot and can estimate the gas exchange parameters and the efﬁciency in the use of light and water. So, these
models could be a useful tool to characterize the sheltered
seedlings.
Quercus faginea is a Mediterranean oak species that have
been widely used with treeshelters in Spanish afforestation
programs. Nowadays, more than 2000 ha have been reforested with this species. In this sense, the questions that we
raised were: (1) Do summer microclimatic conditions inside
treeshelters affect photosynthesis in these plants and, therefore, do they limit their possibilities of establishment in the
ﬁeld? (2) Do treeshelters provide protection against photoinhibition and, therefore, do they improve growth on Q. faginea
seedlings? (3) How can we modify the microclimatic conditions around the seedlings to improve the growth during the
spring without the risk of harmful temperature levels in summer?

2. Materials and methods
2.1. Plant material
Acorns of Q. faginea from “Alcarria y Serranía de Cuenca” (Spain)
provenance region (altitude: 800–1200 m, annual precipitation:
460–993 mm) were sown in 500 cm3 pots in March 2002. A mixture
of peat and silt (3:1, v/v) substrate was employed. A slow-release
fertiliser (OSMOCOTE® Mini 18 + 6 + 11, 5–6 months of longevity at
21 ◦ C) was incorporated into the bulk substrate in a dose of 3.5 g l−1 .
Seedlings were kept well-watered during the growing period.
Twenty-ﬁve seedlings were grown outside treeshelters (control)
and twenty-ﬁve seedlings were grown inside treeshelters (Tubex® ,
60 cm tall, 8 cm diameter, unventilated, double-wall, green colour).
The study was carried out during the ﬁrst growth period of the
plants in the experimental installations of CITA (Zaragoza, Spain,
41◦ 47 N, 0◦ 50 W), under the meteorological conditions existing in
this site. The plants were lifted in October 2002.
2.2. Microclimatic conditions of light and temperature inside
treeshelters
The microclimatic conditions inside the treeshelters were monitored by measuring air temperature and light transmission, which
were then compared with measurements made on control treatment (outside). The measurement period was in spring and
summer of 2002. To estimate air temperature we used six doublewired Pt100 temperature probes, with an accuracy of 0.5 ◦ C. We
recorded temperatures every 5 min from March to October in three
replicates for treatment. The probes were placed 20 cm above
the ground, both inside and outside the treeshelters. The probes
located outside were installed inside a solar shield. To estimate
light transmission inside the shelters we used a UniSpec Spectral
Analysis System (PP Systems, Herts, UK) at wavelengths from 306
to 1138 nm, coupled with a cosine receptor in order to collect the
total amount of incident radiation from all angles. Light transmission was calculated as the ratio of the incident radiation inside
treeshelter to the incident radiation outside. Data were recorded
on the spring equinox and summer solstice at noon when light levels were expected to be high and stable, or on the next clear day
when these selected days were overcast. To differentiate between
the radiation that crosses the wall of the treeshelter and the radiation that penetrates through the top opening of the treeshelter,
we measured with and without the wall of the treeshelter covered by a piece of black felt. The measurement taken without the
black felt estimated the total radiation. The radiation measured
inside treeshelters covered by the black felt represents the zenithal
component, which is principally direct solar radiation. The lateral
component was estimated by the difference between total radiation and zenithal component. The lateral component is diffuse
solar radiation. These measurements were made, without seedlings
inside treeshelters, at 0, 20 and 40 cm above the ground, in order to
make a better characterization of the light ambient inside treeshelter during the growing period. Three replicates were made in all
light measurements.
2.3. Modelling of canopy architecture and whole crown gas
exchange
The three-dimensional computer model Y-Plant (Pearcy and
Yang, 1996) was used to simulate the shoot architecture, and
hence, the light interception, carbon gain and transpiration for
whole shoot. The crown architectural information required by YPlant was obtained from measurements on four plants randomly
selected per treatment (treeshelter and control). Considering the
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plant as a series of articulated nodes (intersection point on the
shoot of a stem, branch or leaf), the shoot architecture was deﬁned
by parameters of shoot (diameter, length, elevation angle and
azimuth), branch and petiole (diameter, length, elevation angle and
azimuth), and leaf (length, azimuth, elevation angle and orientation). These parameters were measured following the methodology
described by Pearcy and Yang (1996). Carbon gain was calculated
by Y-Plant using the values of light interception by the threedimensional plant crown together with mean values of maximum
light-saturated assimilation rate, dark respiration rate, photosynthetic quantum yield and curvature factor of the light response
curve and light absorbance measured in single leaves. The assimilation rate of each leaf type was modelled using the rectangular
hyperbolic response to photosynthetic photon ﬂux density (PPFD)
(Thornley, 1976). These parameters were estimated in one fully
expanded current-year leaf of 5 unsheltered seedlings with a
portable gas exchange system (ADC-LCA4, Analytical Development
Co., Hoddesdon, UK). The physiological leaf parameters were only
estimated in unsheltered seedlings because inside the treeshelter
it became logistically impossible to make gas exchange measurements without altering too much the plant; besides, other studies
have not revealed signiﬁcant changes in photosynthetic capacity under the different environmental conditions imposed by the
tube; although the performance is different, the potential performance (i.e. the maximum rates and the shape of the light curve)
remains constant (Valladares and Pearcy, 1998). The version used
in this work is an update of the original model (Valladares et al.,
2005). The modiﬁcations include (i) a leaf energy balance model
for computation of leaf temperature and transpiration rates, (ii) the
Ball–Woodrow–Berry model (BWB model; Ball et al., 1986) model
of stomatal conductance, (iii) the Farquhar–von Caemmerer–Berry
model (FvCB model; Farquhar et al., 1980) for CO2 assimilation, and
(iv) the Ögren and Sjöstrom (1990) model for photoinhibition as
implemented by Werner et al. (2001). Values of the maximum carboxylation capacity (Vcmax ) and electron transport capacity (Vjmax )
required for the FvCB model of leaf assimilation were also estimated. Values of Vcmax and Vjmax were derived from assimilation
versus CO2 dependence (A/Ci ) curves. The FvCB model was used
primarily to calculate Amax at light saturation and the current intercellular CO2 pressure and leaf temperature, and then it was applied
to the rectangular light response model. The advantage of this
approach is that it gives much better ﬁts in the transition from light
limitation to saturation than the FvCB model alone, which often
has an unrealistically sharp transition. Simulations with Y-Plant
gave the diffuse and direct light interception, assimilation rate and
transpiration rate for each leaf in the crown, and subsequently by
integration, the corresponding whole crown values. Simulations
were carried out at 30 min intervals between sunrise and sunset
for spring equinox and summer solstice at 42◦ N latitude.
Y-Plant estimates the efﬁciency of light capture as the ratio of
the mean PPFD absorbed by the crown to the PPFD incident on
a horizontal surface. This efﬁciency includes both the effects of
the leaf angle and leaf overlap (self-shading) on light interception. Two additional parameters of light capture, projection and
display efﬁciency, provide a quantitative indication of the roles of
leaf orientation and shelf shading on light interception. The projection efﬁciency (Ep ) is the ratio between the potential projected
leaf area and the actual leaf area. The projected leaf area, normal to
a direction of incident PPFD, is the actual leaf area reduced by the
cosine of incidence. This efﬁciency expresses the angular effects on
light interception in the absence of leaf overlap in this direction.
The display efﬁciency (Ed ) is the ratio of the displayed area to the
actual leaf area. The displayed area is the projected area as reduced
by leaf overlap. Plant light use efﬁciency (LUE) was calculated as
daily carbon gain divided by PPFD absorbed, and plant water use
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efﬁciency (WUE) was calculated as daily carbon gain divided by
transpiration. Both values were estimated for seedlings (n = 4) in
both treatments for the whole crown with Y-Plant.
In order to estimate the effect of a reduction on radiation
received by the seedling, without any other modiﬁcation of the
other environmental variables, temperature and air humidity, we
simulated with Y-Plant the effect of shading in plants grown inside
treeshelters (i.e. leaving air conditions equal to those outside the
treeshelter). The lack of a commercial shade mesh with stability in
the ﬁeld prevented its use in this study.
Leaf area was measured using a leaf area meter (Area Measurement System, Delta-T Devices, UK).
2.4. Chlorophyll ﬂuorescence
To characterize the photoinhibition process in sheltered
seedlings we used chlorophyll ﬂuorescence techniques. Modulated
chlorophyll (Chl) ﬂuorescence was measured on attached leaves
of 5 plants per treatment in September 2002 with a PAM 2000
portable ﬂuorometer (Heinz Walz, Effeltrich, Germany). We measured the leaves located at the upper third, medium third and lower
third of the plants grown inside the treeshelter. In order to check
for possible effects of self-shading, we distinguished between sun
and shade leaves in the medium third of the plants. In the upper
and lower third, we considered a uniform light environment and
therefore we did not distinguish between sun and shade leaves.
In plants grown outside the treeshelter, we made a distinction
between sun (without self-shading) and shade leaves (with selfshading), but we assumed the inﬂuence of the position of the leaf
on the shoot to be negligible for the control plants. We measured
at 9, 12 and 15 h (solar time), following the methodology described
by Morales et al. (2000). Leaves were covered with a black bag and
kept in darkness for 30 min to estimate the minimum (F0 ) and maximum (FM ) Chl ﬂuorescence in dark-adapted leaves. The same leaves
were used for all subsequent Chl ﬂuorescence measurements. The
steady-state value of ﬂuorescence (FS ) was measured after the
leaves were uncovered and a second pulse of high-intensity white
light was used to determine maximum ﬂuorescence in the lightadapted state (FM  ). The leaves were covered again and the basic
ﬂuorescence after induction was determined (F0  ). We also estimated F0 and FM under dark conditions at predawn. The variable
ﬂuorescence in the dark (FV ) is deﬁned as FM − F0 , whereas the variable ﬂuorescence in light-adapted state (FV  ) is FM  − F0  . The ratio
FV /FM estimates the maximum potential photosystem II (PSII) efﬁciency in the dark (Abadía et al., 1996). Actual (˚PSII ) and intrinsic
(˚exc ) PSII efﬁciencies were estimated as (FM  − FS )/FM  and (FV  /FM  )
respectively. Photochemical quenching (qP), which indicates the
fraction of light energy that is used for photosynthesis processes,
was calculated as (FM  − FS )/FV  according to Van Kooten and Snel
(1990). Non-photochemical quenching (NPQ), which indicates the
thermal dissipation of the excess of light energy, was calculated as
(FM /FM  ) − 1. To determine the inﬂuence of PPFD in ˚PSII in plants
grown both inside and outside treeshelters, we measured ˚PSII for
several values of PPFD: 25, 50, 100, 200, 400, 600, 1000, 2000 and
2500 mol photons m−2 s−1 in 5 plants per treatment.
2.5. Statistical analysis
In order to evaluate differences in the morphology of light capture between treatments, morphological data were subjected to
analysis of variance (ANOVA) for a completely randomised design.
Repeated measures ANOVA was conducted on all chlorophyll ﬂuorescence variables. The effect of the position of the leaves was
analyzed independently of the rest of the main factors, treatment
and type of leaves. The models used were the following: (i) To
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evaluate position effect (upper vs lower): Y =  +  (position) + 
(time) +   + . (ii) To evaluate treatment (shelter vs control) and
type of leaf (sun vs shade): Y =  +  (treatment) +  (type of leaf) + 
(time) +   +   + . For the models presented above: : overall
mean, : ﬁxed effect of position, : ﬁxed effect of time,  : position
by time interaction effect, : ﬁxed effect of the treeshelter, : ﬁxed
effect of type of leaf,  : treeshelter by time interaction effect,
 : position by time interaction effect, and : experimental error.
These different analyses are justiﬁed by the design conducted and
the impossibility to cross all the factors. To evaluate position effects
we used the variables that correspond to the lower and upper position of sheltered plants and to evaluate the effect of the treatment
and type of leaf we used the variables that correspond with control plant and medium part of sheltered plant. All analyses were
performed using standard SAS/STAT procedures (SAS, 2001).
3. Results
3.1. Microclimatic conditions
Total light transmission inside treeshelters at the spring equinox
ranged from 8% to 24% for photosynthetic active radiation (PAR)
(Fig. 1a). At the summer solstice, the solar angle increase reduced
the total light transmission inside treeshelters. The principal component was the lateral radiation (Fig. 1b) that showed a similar
pattern than the total radiation. The zenithal component was similar in both seasons with a slightly increase in summer (Fig. 1c).
The daily air temperature curves inside the treeshelter (Fig. 2)
showed a heating period (tinside > toutside ) between 9 and 15 h (solar
time) at the spring equinox. Immediately afterward the temperature decreased until it matched the ambient temperature during
the night. However, at the summer solstice, the air temperature
inside the treeshelter increased between 9 and 11 h and was constant between 11 and 18 h. Subsequently, the air temperature
decreased quickly and was lower than the ambient temperature
over night. The duration of the heating period of the air inside
treeshelter was 24 and 11 h at the spring equinox and summer solstice respectively. The maximum temperature registered inside the
treeshelter was 52.2 ◦ C in summer (2 August), with values above
50 ◦ C for 145 min. The mean heating of the air inside treeshelter
was 16 ◦ C in the spring and 13 ◦ C in the summer. On the other hand,
the mean temperature decrease of the air inside in relation to the
air outside the treeshelter (tinside < toutside ) was 0.2 ◦ C in the spring
and 4.2 ◦ C in the summer.
3.2. Shoot architecture
Light environment inside the treeshelter modiﬁed several structural parameters of the seedlings (Table 1). Sheltered seedlings
were three times taller than control seedlings. Furthermore, the
number of leaves and the leaf area were respectively 2 and 2.5
times higher in seedlings grown inside the treeshelters. Leaf length
and internode length were higher in sheltered seedlings. Root collar diameter and foliar angle, by contrast, were approximately 1.5
times higher in control seedlings. During the experiment we did
not observe that the leaves of the sheltered seedlings were in contact with the walls of the treeshelter, and so, we considered that
the foliar angle was not inﬂuenced by the proximity of the wall.
3.3. Crown light capture and gas exchange
The parameters used in Y-Plant simulations (Tables 2 and 3)
were those estimated by the physiological measurements made in
leaves of control seedlings and those obtained by microclimatic
characterization. Although the values of light transmission were

Fig. 1. Total (a), lateral (b) and zenithal (c) composition of light transmitted inside
treeshelter in spring equinox (closed symbol) and summer solstice (open symbol).
Measurements inside treeshelter were made without seedlings (mean ± SE, n = 3).

different in spring and summer, we considered the same in order
to analyze the inﬂuence of the rest of the parameters in the model.
The value of light transmission considered is considerably low and
the slightly differences registered in both seasons would not be
relevant in the model.
Projected and illuminated leaf area (Ep and Ed ) and self-shading
area did not show signiﬁcant differences between the two treatments, for the range of values of solar angle considered for the
latitude of the distribution area of Q. faginea (Fig. 3).
Simulations with Y-Plant yielded absorbed PPFD values of
9.4 ± 0.7 and 25.8 ± 0.7 mol photons m−2 d−1 in treeshelter and
control respectively. In spring this value was 16.3 ± 0.7, whereas
in summer it was 18.9 ± 0.7. The gas exchange variables showed
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Table 1
Morphological variables of Quercus faginea seedlings after one growing period (mean ± SE, n = 4).
Sheltered seedlings
Height (cm)
Root collar diameter (mm)
Number of leaves
Internode length (mm)
Leaf area (cm2 )
Leaf angle (◦ )
Leaf length (mm)

31.36
2.8
34.0
9.3
120.7
19.0
32.1

±
±
±
±
±
±
±

2.23a
0.2b
2.1a
0.2a
12.8a
0.9b
0.9a

Control seedlings
9.91
4.0
17.0
5.7
46.2
26.9
26.2

±
±
±
±
±
±
±

p

1.41b
0.4a
1.2b
0.6b
20.8b
1.4a
1.9b

<0.001
<0.05
<0.001
<0.05
<0.001
<0.001
<0.05

Different letters denote signiﬁcant differences (Tukey Test, n = 4).

Fig. 2. Heating variation of the air inside treeshelters in spring equinox (continuous
line) and summer solstice (dotted line) for a period of 48 h.

Table 2
Physiological leaf parameters estimated in control Quercus faginea seedlings
(mean ± SE; n = 5).
Parameters

Value
−2

Maximum light-saturated assimilation rate (mol m
Dark respiration (mol m−2 s−1 )
Photosynthetic quantum yield
Curvature factor
Leaf absorptance
Leaf reﬂectance
Maximum carboxylation capacity (Vcmax )
Electron transport capacity (Vjmax )
Photon yield electron transport

−1

s

)

11.5
−1
0.06
0.81
0.86
0.08
95
130
0.15

±
±
±
±
±
±
±
±
±

0.8
0.07
0.004
0.006
0.06
0.006
6.7
9.1
0.011
Fig. 3. Projection efﬁciency (Ep ) (a), self-shading (b) and display efﬁciency (Ed ) (c)
as a function of solar angle for Quercus faginea seedlings estimated with Y-Plant
(mean ± SE, n = 4).

Table 3
Environment parameters used in Y-Plant simulations.
Spring

Temperature (◦ C) (daily range)
Relative humidity (%) (daily range)a
Hour minimum temperature
Hour maximum temperature
CO2 concentration (ppm) (daily mean)a
Wind speed (m s−1 )
Photon ﬂux density (mol m−2 d−1 )
Diffuse coefﬁcient
a

Summer

Outside

Inside treeshelter

Outside

Inside treeshelter

10–23
38–80
6:30 AM
13:00 PM
360
1
2450
0.1

10–35
48–90
6:30 AM
13:00 PM
370
1
735
1

20–38
25–45
5:30 AM
14:00 PM
360
1
2450
0.1

20–45
12–45
5:30 AM
14:00 PM
370
1
735
1

Data did not estimate. Values were obtained from other studies (Oliet and Jacobs, 2007).
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Table 4
Environment parameters used in Y-Plant shading simulation.

Temperature (◦ C) (daily range)
Relative humidity (%) (daily range)a
Hour minimum temperature
Hour maximum temperature
CO2 concentration (ppm) (daily mean)a
Wind speed (m s−1 )
Photon ﬂux density (mol m−2 d−1 )
Diffuse coefﬁcient

Spring

Summer

10–23
38–80
6:30 AM
13:00 PM
360
1
735
1

20–38
25–45
5:30 AM
14:00 PM
360
1
735
1

a
Data did not estimate. Values were obtained from other studies (Oliet and Jacobs,
2007).

signiﬁcant differences (p < 0.001) for the interaction between
treatment and season (Fig. 4). Transpiration and potential net
assimilation did not register differences in spring, but in summer
the values were about 42% and 56% lower in sheltered seedlings
than in control seedlings, respectively (Fig. 4a and b). The sheltered seedlings were more efﬁcient in LUE and WUE than control
seedlings in spring (Fig. 4c and d). In summer LUE was similar in
control and sheltered seedlings, while WUE in control seedlings
were about 62% higher than in sheltered seedlings.
In the study of a daily cycle, during spring, the sheltered
seedlings showed similar values of potential carbon gain and
transpiration than control seedlings (Fig. 5). Only at the beginning of the morning the potential carbon gain was higher in the
sheltered seedlings. On the other hand, in summer, the transpiration and potential carbon gain in control seedlings were higher
than sheltered ones. While the transpiration rate of the control
seedlings reached 3 mmol H2 O m−2 s−1 at midday, the transpiration rate of the sheltered seedlings remained fairly constant
around 1 mmol H2 O m−2 s−1 . The potential carbon gain of the
control seedlings reached 9 mol CO2 m−2 s−1 at the end of the
morning falling progressively thereafter. In sheltered seedlings the
potential carbon gain reached 7 mol CO2 m−2 s−1 at eight o’clock
(solar time) and then registered negative values during the afternoon.
The simulation of single effect of shading (Table 4) showed
signiﬁcant differences (p < 0.001) for the interaction between treatment and season (Fig. 6). During summer, the shaded seedlings
registered the highest values for the potential net assimilation, LUE
and WUE (around twofold higher than sheltered seedlings for all
the variables and 1.4 and 2.2 higher than control seedlings for LUE
and WUE respectively). During the spring, the potential net assimilation was 25% and 27% lower in shaded seedlings than control and
sheltered seedlings respectively; and WUE was about 16% and 29%
higher in shaded seedlings than in sheltered and control seedlings,
respectively.
During summer, the potential net assimilation was similar in
control and shaded seedlings and around twofold higher than
sheltered seedlings. In this season, the shaded seedlings registered values of LUE and WUE, 1.4 and 2.2, are higher than control
seedlings respectively. During the spring, the shaded seedlings registered lower values in potential net assimilation and LUE than
sheltered seedlings, 27% in both variables, but, as in summer,
showed the highest values of WUE.
3.4. Chlorophyll ﬂuorescence
There were no signiﬁcant differences in ﬂuorescence parameters between leaf types (sun and shade) and between leaf positions
along the shoot (upper third leaves and lower third leaves). FV /FM at
predawn was around 0.80 ± 0.02 for control seedlings and around
0.82 ± 0.01 for sheltered seedlings. There were no signiﬁcant differ-

Fig. 4. Transpiration, potential net assimilation, light use efﬁciency (LUE) and water
use efﬁciency (WUE) in control and sheltered Quercus faginea seedlings for different seasons simulated with Y-Plant (mean ± SE, n = 4). Different letters denote
signiﬁcant differences (p < 0.001).
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Fig. 5. Daily potential net assimilation and transpiration in control and sheltered Quercus faginea seedlings for spring equinox and summer solstice estimated with Y-Plant
(mean ± SE, n = 4).

ences in the diurnal time course of FV /FM . The diurnal time course
of ˚PSII and ˚exc for sheltered and control seedlings exhibited a
midday reduction in both parameters, although later, it reached its
maximum value at 15 h (Fig. 7). This reduction was higher in the

control seedlings. As expected, NPQ exhibited the reverse pattern,
with the highest values at midday, 1.91, and the minimum at 15 h,
1.12. The NPQ was 1.77 for sheltered seedlings, whereas it was 1.22
for control seedlings.

Fig. 6. Transpiration, potential net assimilation, light use efﬁciency (LUE) and water use efﬁciency (WUE) in control, shaded and sheltered Quercus faginea seedlings for
different seasons simulated with Y-Plant (mean ± SE, n = 4). Different letters denote signiﬁcant differences (p < 0.001).
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Fig. 7. Diurnal time course of quantum yield of PSII (˚PSII ) and intrinsic efﬁciency
of PSII (˚exc ) in Quercus faginea seedlings grown inside treeshelters and outside
(control) (mean ± SE, n = 5).

Fig. 8. Relationship between photosynthetic photon ﬂux density (PPFD) and quantum yield of PSII (˚PSII ) in Quercus faginea seedlings (mean ± SE, n = 5).

˚PSII decreased with increasing PPFD in both shoot architectures; ˚PSII was signiﬁcantly higher in control than in sheltered
seedlings for the different photosynthetic photon ﬂux densities
(Fig. 8). The decrease in ˚PSII with PPFD was more accentuated
in sheltered than in control seedlings: ˚PSII decreased by 81%
from 400 to 2500 mol photons m−2 s−1 in the former, while it
decreased only by 36% in the latter.
4. Discussion
This study has conﬁrmed the previous ﬁndings with regard to
the low level of solar radiation inside treeshelters (Potter, 1991;
Bergez, 1993; Kjelgren and Rupp, 1997; Bellot et al., 2002; Sharew
and Hairston-Strang, 2005;) and the inverse relationship between
solar angle and radiation inside the treeshelter (Bergez, 1993;
Bergez and Dupraz, 2009). Therefore, when the solar angle is low,

the radiation is perpendicular to the treeshelter and the transmissivity of the wall is high, causing the difference registered
in radiation inside treeshelter between seasons. In addition, the
low PPFD values measured inside the treeshelter reduces the CO2
assimilation and could increase the susceptibility to biotic factors
(Kozlowski et al., 1991). The diffuse radiation is the principal component inside the treeshelter, whereas the direct radiation was only
signiﬁcant at very high solar angles. The advantages of the diffuse
radiation inside the treeshelter include higher LUE and protection
against photoinhibition processes.
Furthermore, the inverse relationship between solar angle and
radiation inside the treeshelter explained the higher rates of air
heating inside treeshelter during the spring, and the quick increase
of temperature at the beginning of the morning (Bergez, 1993;
Bergez and Dupraz, 2009).Temperature increment suggests that
treeshelters could enhance growth in sheltered seedlings during
the spring, while in summer the high temperatures registered
within treeshelter could limit the photosynthetic activity (Seeley
and Kammereck, 1977) and induce damage due to heat stress.
The morphological variables of the shoot in sheltered seedlings
suggest that plants grown inside a treeshelter could develop a
shade acclimation modulated by the intensity and duration of shading. This idea is supported by the increase of height, internode
length, number of leaves, leaf area and length, and the reduction
in root collar diameter and leaf angle. These results agree with
previous studies that have reported that sheltered seedlings were
1.3–3.2 times taller than control plants (Ponder, 1991; Burger et
al., 1992; Kittredge et al., 1992), had a root collar diameter 1.4–1.6
times smaller than control plants (Burger et al., 1992; Kjelgren et al.,
1997) and had more leaves or longer internodes than control plants
(Kittredge et al., 1992; Bellot et al., 2002; Leroy and Caraglio, 2003).
Moreover, Valladares et al. (2000) found that Quercus ilex and Quercus coccifera shaded plants had longer internodes and larger total
leaf area but had lower leaf angle than their sun counterparts in
both oak species. Leaf angle decreased in sheltered seedlings, but
it was higher than the values reported for Heteromeles arbutifolia
by Valladares and Pearcy (1999). Leaf angle is a structural parameter with great plasticity that is used to maximize carbon gain and
minimize the time that leaf surfaces are exposed to saturating light
(Valladares and Pearcy, 1999; Falster and Westoby, 2003). High leaf
angles reduce light capture when solar angle increases, showing
its minimum values at midday and in summer in relation to daily
and seasonal variation respectively. The beneﬁts of high leaf angles
reported by different studies include an increase in midday WUE, a
decrease in overheating risk and a decrease in the susceptibility of
photoinhibition processes (Cowan, 1982; King, 1997).
Although no signiﬁcant differences were found for displayed, projected and self-shading leaf areas between treatments,
seedlings grown inside treeshelters showed a tendency to increase
the self-shaded leaf area for maximum solar angles, due to their
high leaf number and low leaf angle. Leaf area values subjected
to solar radiation of about 0.4 corresponded with avoiding strategies of evergreen shrubs that tend to sacriﬁce high radiation rates
in order to maintain a high productive capacity. The reduction in
daily PPFD absorbed in sheltered seedlings was due to a reduction
in PPFD inside the treeshelter.
Seasonal course of transpiration rates showed the inﬂuence of
temperature in this parameter, as a consequence of changes in respiration rate. The daily course of the transpiration in summer is
similar to the pattern registered by Bergez and Dupraz (1997) in
Prunus avium. These authors found a constant transpiration rate
around a 1 mmol H2 O m−2 s−1 in the sheltered seedlings. The low
values of transpiration rates of the sheltered seedlings could be
explained to restricted air movement in the shelters that severely
reduced boundary layer conductance (Kjelgren et al., 1997). These
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low transpiration rates may help conserver water reserves of the
soil, and delay the occurrence of a water deﬁcit for the seedling
during the dry season (Bergez and Dupraz, 1997).
The environmental conditions inside the treeshelter did not
improve assimilation rates, as compared to the outside environment in spring, due to a temperature increase. The low values
of light transmission considered in the model (30%) could be the
principal limitation; therefore, treeshelters with high light transmittance could increase the potential carbon gain in this season
where the temperatures registered do not reach supraoptimal levels. In this sense, simulations with Y-Plant with values of light
transmission about 50% (data not shown) registered values of
potential net assimilation about 28% higher than values of light
transmission about 30%. On the other hand, in summer, potential
carbon gain was signiﬁcantly lower in sheltered than in control
seedlings. These results agree with those found for Fraxinus pennsylvanica by Kjelgren et al. (1997), with a reduction between 50%
and 70% in net photosynthesis in relation to the outside environment. These low values could be explained by the daily course of
potential carbon gain, which showed positive values at early morning hours when the optimal temperature for assimilation process
is registered (Oliet and Jacobs, 2007) and negative values at midday. Therefore the potential carbon gain in this season could be
due to the photosynthetic activity at the beginning of the morning,
when the temperature is similar to the optimal for assimilation process but the light level is low, yet. The negative values registered
in summer by the daily course of potential carbon gain at midday
could explain the CO2 concentration increase inside the treeshelter observed by other authors (Frearson and Weiss, 1987; Mayhead
and Jones, 1991).
The reduction in the risk of heat stress and the CO2 concentration increase in summer suggest the relevance of an optimal air
renovation inside treeshelter (Bergez, 1993; Dupraz and Bergez,
1999; Bergez and Dupraz, 2000). Light reduction, without further
effects on the microclimate inside the treeshelter, could be a good
option in warm climates. In this sense, shading simulations with YPlant have demonstrated that the only effect of shading improves
the potential net assimilation and LUE and WUE in summer of
the seedlings, which in xeric environments may improve seedling
establishment (Retana et al., 1999; Cardillo and Bernal, 2005). New
commercial products such as light shading mesh-tube could be a
feasible alternative, because it only changes incident solar radiation
without changes in temperature.
In conclusion, the treeshelters modify signiﬁcantly the shoot
architecture of the sheltered seedlings. The Y-Plant simulations do
not show an increase in potential carbon gain during the spring
in sheltered seedlings, due to shade and air temperature increase.
However, in summer, the high temperature inside treeshelters
induces a decrease in net photosynthesis and WUE. It should be
noted that water stress could make these decreases more intense
(Peguero-Pina et al., 2009). Because of the experimental complexity, the effect of a progressive drought on seedling physiology has
not been incorporated in this study. However, this fact deserves
further investigation in order to reach more realistic conclusions.
The severity of heat stress will determine the effects on seedling
performance. Shade without modiﬁcation of other microclimatic
parameters could be a good choice in warm environments. Photoinhibition risks in sheltered or control seedling leaves have not
been observed after their ﬁrst growing period.
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