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Abstract We tested the hypothesis that fertilized contain-
erized Pinus canariensis seedlings increases survival when
planted in semiarid sites through the improvement of their
physiological status during the establishment phase by an
increment in root growth. Seedlings were cultured under
two diVerent regimes: traditional (in non-fertilized natural
soil) and alternative (in fertilized peat). Morphological
attributes and nitrogen content were measured before plant-
ing. Measurements of survival and growth in the plantation
were made periodically for 2 years and physiological plant
responses (leaf water potential, gas exchange and chloro-
phyll Xuorescence) during the third summer after planting
were tested and Wnally a set of plants were excavated to

measure the same parameters as before planting. Seedlings
cultivated using fertilized peat achieved the highest values
for all of evaluated parameters. During the third dry season,
big seedlings exhibited better physiological status. There-
fore, enhanced root growth can result in better water uptake
during the dry period thereby increasing survival and
growth in the next few years after planting. A feed-back
physiological model is proposed to explain P. canariensis
establishment in a semiarid environment.

Keywords Canary Island pine · Fertilization · Feed-back 
model · Field performance · Seedling quality · 
Physiological status

Introduction

The Wght against desertiWcation in Mediterranean environ-
ments involves many strategies for tending to the ecologi-
cal restoration of degraded lands. AVorestation of former
woodlands is a key task to revert the degradation of Medi-
terranean forests by wildWres, cutting, grazing or soil ero-
sion. However, the achievement of successful plantations
has many technical problems imposed by the extreme arid-
ity during summer. Determining the optimum characteris-
tics features of the planting stock for such conditions is
crucial.

Pinus canariensis is an endemic species in the Canary
Islands. Natural pine forests in the Canary Islands grow
under diVerent climatic conditions with respect to elevation
and geographical position. For example, in Tenerife the
distribution limit is between 800 and 2,200 m a.s.l. on north
facing slopes and from 500 up to more than 2,500 m a.s.l.
on south exposed slopes. (Fernández-Palacios and de-
Nicolás 1995). A common feature of these pine forests in
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Tenerife is a Mediterranean climate with strong seasonal
changes in water availability and evaporative demand
(Peters et al. 2003), especially on south exposed slopes
where the annual sum of precipitation can be less than
300 mm. Although these pine forests are essential for the
local forestry and contribute signiWcantly to the water bal-
ance of the island by fog interception they are endangered
by forest Wres as for example in 2007 where large areas
(aprox. 17.000 Ha) of the pine forest have burned down
(MMA 2008). Thus, the achievement of a successful re-for-
estation is crucial for the reversion of these dreadful condi-
tions, which are exacerbated by extreme aridity during the
summer months.

In Tenerife, P. canariensis nursery crops had been tradi-
tionally cultured with natural soil and no additional fertil-
ization, and thus seedlings are in general small in size with
a low root biomass (Luis et al. 2004, 2006) and aVoresta-
tion managers commonly use such seedlings when planting
in dryer sites, claiming a superior water balance is better.
Conversely, several studies report on better survival rates of
fertilized Pinus seedlings (Mexal and Landis 1990; Cortina
et al. 1997; South 2000; Villar-Salvador et al. 2000;
Puértolas et al. 2003) due to a higher root growth capacity
(Villar-Salvador et al. 2000). Seedlings are planted during
the wet autumn/winter period that can become dry in early
spring in the driest sites. Therefore, increased in root
growth can result in better water uptake during the dry
period thereby increasing survival and growth increment in
the next few years after planting. Unfortunately, in spite of
the numerous works relating initial seedlings features and
survival, there are no studies on the physiological behav-
iour (WUE or photosynthetic performance) of fertilized
seedlings and this assessment has never been tested for
P. canariensis seedlings.

We hypothetized that P. canariensis fertilized seedlings
(Alternative culture method) will be bigger and root growth
will be improved, and also would have better physiological
status. All this features will increase survival rates after
planting in semiarid Mediterranean conditions to fertilized
seedlings compare with traditional ones.

Materials and methods

Seedlings of P. canariensis C. Sm ex DC in Buch, prove-
nance VilaXor (FS-27/01/38/004), Tenerife, Canary Islands
(Spain), were grown in commercial containers Arnabat
48C® (308 cc; 180 £ 295 £ 430 mm; with 48 cells per
container) diVering with respect to growth media and fertil-
izer regime. Half of the seedlings (Wve containers) were
cultured in a 2:1 mixture of natural pine forest soil and lap-
illi (a volcanic gravel commonly used traditional farming
within in the Canary Islands) and were kept unfertilized

(traditional method T). The other half of the seedlings
(alternative method A) were cultured in a mixture 2:1 mix-
ture of peat (Floratorf®) and lapilli, including a slow-
release fertilizer (8 months) (4 g l¡1 of Osmocote Plus®;
N/P2O5/K2O:16/8/12).

After sowing in June 2001 all the T and A seedlings cul-
tured outdoor for 8 months in the nursery of La Laguna
(600 m.). The mean daily minimum temperature of the
coldest month (January) is 10°C, so growing period is con-
tinuous. In order to minimize any bias due to uncontrolled
micro-environmental variations, trays of both treatments
were interspersed in a completely randomised arrangement.
Seedlings were watered to Weld capacity thrice a week by a
sprinkler system. In January 2002, 25 seedlings per treat-
ment were selected for measures of shoot height (H, in cm),
root collar diameter (D, in mm), shoot dry weight (SDW; in
g), root dry weight (RDW; in g), and shoot: root ratio. Ten
seedlings per treatment were randomly selected for destruc-
tive sampling, dried at 60°C for 72 h and ground to 0.7 mm
for determining foliar nitrogen (N), concentration accord-
ing to the Kjeldahl method.

In early February 2002, 240 seedlings (24 seedlings per
treatment in Wve completely randomized blocks) were
planted at a Weld site near VilaXor (28º15�28�N–
16º29�40�W; 1,535 m) which is characterized by a
mesomediteranean climate (Rivas-Martínez et al. 1993)
with annual precipitation of 300 mm and mean annual tem-
perature of 15ºC. The growth in these area does not stop
during winter, however it slightly decrease during the dry
season which usually extends from June to September.
According to the USDA soil taxonomy, the soil type is
classiWed as an Aridisol. This soil type is typical for pine
forests in the south of Tenerife and is characterized by a
low content of organic matter and a low water holding
capacity (Luis 2006). Within each block, T and A seedlings
were planted randomly on a 2 £ 2 m spacing scheme.

Seedling survival was assessed ten times during Febru-
ary 2002 throughout October 2003 while height increment
was estimated six times during the period of February 2002
and February 2004.

Physiological parameters were performed in fully devel-
oped secondary needles of Wve plants per treatment in
April, June, and August 2004. Leaf water potential (�) was
measured with a Scholander pressure chamber (PSM
Instruments, Corvallis, OR, USA). CO2 assimilation rate
(A) and stomatal conductance (gs) were determined using
an ADC-LCA4 gas analyzer (ADC Systems, England). Gas
exchange parameters were calculated according to von
Caemmerer and Farquhar (1981) and expressed by unit of
projected leaf area. Components of chlorophyll Xuores-
cence were quantiWed in situ with a portable modulated
Xuorometer (Mini-PAM, Walz, EVelrich, Germany)
equipped with a leaf-clip holder (2030-B, Walz) and a
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microquantum sensor for monitoring photosynthetic photon
Xux density (PPFD). After clamping the leaf-clip holder
onto attached needles, the actual Xuorescence (F) was mon-
itored to ascertain that it was stable. Maximum Xuorescence
yield (Fm

')  was measured during a 0.8 s¡1 saturating Xash at
6,000 �mol m¡2 s¡1 and exposure to natural illumination.
The fraction of absorbed light utilised in electron transport
is given by the PSII photochemical eYciency or yield
parameter, �PSII = �F/Fm

'  where �F = Fm
' ¡ F (Genty

et al. 1989). Non-photochemical quenching (NPQ)
described by (Fm ¡ Fm

'  )/Fm
'  and photochemical quenching

(qP) described by (Fm
' ¡ F�)/(Fm

' ¡ Fo) were also deter-
mined.

In September 2004, height, root collar diameter, shoot
and root biomass, and nitrogen concentration were deter-
mined in needles in the Wve plants per treatment used to
measure the above-mentioned physiological parameters.
Root biomass was extracted by excavating down to only
70 cm depth because of the existence of a very rocky soil
horizon below that threshold.

One-way ANOVA was used as the statistical tool (SPSS
(v. 11.5 SPSS Inc., Chicago, IL, USA) to account for sig-
niWcant diVerences between treatments at P < 0.05.

Results

After one culture period of 8 months in the nursery A seed-
lings displayed a signiWcantly height growth, diameter,
shoot: root ratio and produced bigger shoots (5.6 times
more shoot biomass) and roots (2.5 times more root bio-
mass) as compared to T seedlings (Tables 1, 2). A seedlings
had also a signiWcant higher N content (Table 2) neverthe-
less both T and A seedlings were within the range reported
for foliar mineral nutrient concentrations of P. canariensis
at various Weld sites in Tenerife (Tausz et al.2004).

From February 2002 to August 2002 the survival rate of
T and A seedlings declined to 65 and 95%, respectively
(Fig. 1). After the Wrst summer, however, this trend tailed

and approached 60 and 90% towards the end of the obser-
vation period in October 2003. Furthermore, throughout the
whole experimental period height growth of A seedlings
was superior when compared to T seedlings (Fig. 2) and
after 3 years of accumulation was double for A, relative to
T seedlings. After this time, the relative diVerences in SDW
between T and A seedlings were similar to those at planting
(5.3 times more SDW in A), but RDW diVerences
increased sharply (5.5 times more RDW in A) (See also
Fig. 3). Three years after planting, shoot:root ratio and
nitrogen foliar concentration were similar in both treat-
ments, and no signiWcant diVerences were observed
(Table 2).

During the summer of 2004, leaf water potential (�)
increased from April through August in both T and A seed-
lings (Fig. 4). Although A seedlings always displayed a
higher � as compared to T seedlings, diVerences were only
statistically signiWcant in April and June. Foliar gas
exchange by contrast declined progressively throughout the
summer of 2004 (Fig. 5). This observed seasonal trend of A
and gs was pronounced in T seedlings and became statisti-
cally signiWcant in August.

In parallel with A and gs, Xuorescence parameters also
decreased through the summer (Fig. 6). Statistically within

Table 1 Mean and standard errors of the measured parameters before and 3 years after planting for traditional (T) and alternative (A) seedlings

H Height, D root collar diameter, SDW stem dry weight, RDW root dry weight, S:R shoot:root ratio, N foliar nitrogen concentration

*SigniWcant diVerences between treatments at P < 0.005

Before planting 3 Years after planting

T A T A

H (cm) 8.1 § 0.16 20.1 § 0.34* 55.8 § 3.86 100.0 § 4.46*

D (mm) 23.4 § 0.03 40.4 § 0.03* 191.8 § 21.74 342.0 § 17.46*

SDW (g) 0.57 § 0.02 3.22 § 0.319* 37.0 § 7.64 197.9 § 50.52*

RDW (g) 0.52 § 0.01 1.28 § 0.128* 40.7 § 8.64 215.9 § .50.05*

S:R 1.10 § 0.04 2.53 § 0.11* 0.38 § 0.028 0.47 § 0.07

N (mg g¡1) 10.0 § 0.11 21.5 § 0.13* 10.4 § 1.4 11.9 § 1.2

Table 2 Statistical diVerences between traditional (T) and alternative
(A) seedlings before and 3 years after planting

H height, D root collar diameter, SDW stem dry weight, RDW root dry
weight, S:R shoot:root ratio, N foliar nitrogen concentration

Before Planting 3 Years After Planting

F p F p

H (cm) 605.840 0.0001 56.075 0.0001

D (mm) 452.285 0.0001 29.450 0.0001

SDW (g) 431.123 0.0001 21.538 0.002

RDW (g) 244.278 0.0001 11.676 0.009

S:R 330.804 0.0001 1.445 0.264

N (mg g¡1) 63.85 0.0001 0.110 0.745
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treatment eVects were absent in April. In June and August,
APSII and qP were signiWcantly higher in A as compared to
T seedlings, while the opposite was found for NPQ. The
latter, however, was not statistically signiWcant.

Discussion

As expected, diVerences in the cultivation method with
respect to growth media and fertilizer regime had a signiW-

cant impact on seedling features survival rate and Weld
performance. Similar strong responses in seedling develop-
ment and internal nutrient levels to diVerences in nutrient
availability in the nursery have also been reported for other
Pinus species (van den Driessche 1992; Fraysse and
Crémière 1998; Villar-Salvador et al. 2000; Nogués and
Alegre 2002; Puértolas et al. 2003).

These better-quality culture conditions in the nursery
were also reXected in a better Weld performance of A seed-
lings which had signiWcantly enhanced survival rate and
height growth as compared to T seedlings as also observed
by others (Mexal and Landis 1990; South and Mitchell
1999). Larger seedlings generally display a greater photo-
synthetic active surface in terms of needle biomass. Thus,
they have a higher net carbon gain which may increase the
survival rate. There is evidence that the survival rate of
P. halepensis and P. pinaster tends to increase with seed-
ling size (Cortina et al. 1997; Oliet et al. 1997). Although
an increasing shoot:root ratio sometimes has been reported
to be negative for water stress avoidance and survival
(Thomson 1985; Haase and Rose 1993), we obtained better
rates of survival for the A plants with more than twofold
higher shoot:root ratio than T. This suggests that low shoot:

Fig. 1 Survival (%) of T- (open triangle) and A-seedlings (Wlled
triangle) during 2 years after plantation

Fig. 2 Accumulated height increment (cm) for traditional (T-seed-
lings, open triangle) and alternative (A-seedlings, Wlled triangle)
between October 02 and May 04

Fig. 3 Roots from root collar to 70 cm depth into soil of A (right) and
T plants (left) at the end of third year

Fig. 4 Midday water potential (�) for T-plants (black columns) and
A-plants (white columns). Asterisks show signiWcant diVerences be-
tween stock-types within each day (**P < 0.001)
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ratio per se is not an advantage for containerized seedlings
planted in dry sites (Bernier et al. 1995; Lamhamedi et al.
1997). Interestingly, the initial large diVerences in
shoot:root ratio reduced dramatically in both treatments
3 years after planting, reXecting the acclimation to the
semiarid post-planting environment. However, this
decrease was much pronounced in the improved seedlings
due to the higher biomass allocation to roots compared to
the T seedlings (relative diVerences between treatments in
root biomass changed from 2.5 at planting to 5.5 3 years
after, while shoot relative diVerences remained stable).
Therefore, the much higher shoot:root ratio of improved
seedlings seemed to induce a higher post-planting biomass
allocation to roots, which enhanced water stress avoidance.
This may be a speciWc behavior of P. canariensis, which is
known to have an adaptive high biomass allocation to roots
in the seedling phase (Climent et al. 2008).

On other hand, nutrient concentration in A seedlings was
much higher than in T seedlings. It has been shown that
increasing nutrient concentration (especially nitrogen)
enhances photosynthesis rates (Jose et al. 2003; Gough and
Seiler 2004). Retranslocation is also an important source of
nutrients to build up the growing tissues (Boivin et al.
2002). Therefore, high nutrient concentration enhances
early growth. Since fertilization usually increases not only
nutrient concentration but also shoot biomass, it is diYcult
to disentangle their eVects on early growth. However,

evidences from late-season fertilization experiments sup-
port the idea that nutrient concentration plays an important
role in early growth (Puértolas et al. 2003; Boivin et al.
2002). However, the extent of this eVect is limited. Three
years after planting, diVerences in nutrient concentration
had disappeared. Early growth analyses in the Mediterra-
nean pine P. halepensis suggested that initial higher nutri-
ent concentration enhanced growth only during the Wrst
year after planting. After this time, shoot size determined
growth (Puértolas et al. 2003).

Fig. 5 CO2 assimilation rate (A) and stomatal conductance rate (gs)
for T-plants (black columns) and A-plants (white columns) at noon.
Asterisk shows signiWcant diVerences between stock-types (*P < 0.05)

Fig. 6 PSII photochemical eYciency (�PSII), non-photochemical
quenching (NPQ), and photochemical quenching (qP) for T-plants
(black columns) and A-plants (white columns) at noon. Asterisk shows
signiWcant diVerences between stock-types (*P < 0.05)
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The observed decline in A and �PSII in both T and A
seedlings throughout the rainless summer of 2004 can be
attributed to stomatal closure (Flexas and Medrano 2002,
Flexas et al. 2002a, b; Medrano et al. 2002), one of the main
processes that causes photosynthesis to decline (Chaves
et al. 2002, 2003) during periods of increasing soil drought.

Stomatal conductance has been recognized as the most
useful parameter to detect moderate drought stress
(Medrano et al. 2002; Chaves and Oliveira 2004) as we saw
in this study. On other hand, Xuorescence parameters were
the most discriminate between treatments. The seasonal
decrease in Xuorescence parameters was probably also due
to the eVects of soil humidity depletion leading to stomatal
closure. This impairs CO2 uptake and, in turn, quantum
yield is reduced (Genty et al. 1989; Loreto et al. 1995;
Flexas et al. 2004). However, the impact on Xuorescence
parameters were exacerbated by the high radiation loads
observed during the measures (c.a. 2,000 �mol m¡2 s¡1).
Nevertheless, A seedlings showed higher rates of �PSII and
qP, indicating a better physiological status during the
drought period. Analogously, non-photochemical quench-
ing was higher in T seedlings, reXecting that these seedlings
had a lower photosynthetic electron Xux and needed to dis-
sipate a higher excess of energy than A seedlings.

One of the most commonly used water status parameters
to asses water stress intensity is leaf water potential (Flexas
et al. 2004). Even 3 years after planting, when mortality
rates in both treatments were close to zero, the improved
seedlings had higher � in early spring than traditional seed-
lings. This better water status in T seedlings was linked to
the higher root biomass, suggesting that the higher root
growth during the Wrst years after planting improves the
seedling access to water resources. Probably, the diVer-
ences in root growth rate were more decisive in the wet
months after planting leading to critical diVerences in plant
water status that determined summer mortality. However,
despite the lack of survival diVerences between treatments
in the third year, the better water status of the improved
seedlings indicates that these plants could better withstand
an eventual period of extreme drought. These unpredictable
events are typical from the semiarid environments and may
cause high mortality several years after planting, when sur-
vival seems to be stable.

Surprisingly, midday water potential increased during
the dry season, despite the absence of rainfall. Measure-
ments in July and especially in August were preceded by a
dense mist falling at predawn and raising 2 or 3 h before the
measurement time at midday. Rehydration of shoot tissues
by the mist presumably raised plant water potential. It has
been demonstrated that dew or mist absorption by foliage is
an important source of water uptake in dry environments,
raising plant water potential (Waisel 1958; Boucher et al.
1995; Munné-Bosch et al. 1999) but does not aVect the

photosynthetic machinery. Photosynthesis recovery follow-
ing severe soil water stress may take several days, or even
weeks, with optimal soil water availability (Harley et al.
1987; Munné-Bosch and Alegre 2000; Nogués and Alegre
2002).

Nevertheless in August, A and gs were signiWcantly
higher in A seedlings compared to T seedlings, despite the
absence of diVerences in �, and thus conWrming that A
seedlings had better water status than T.

The obtained results allow proposing a conceptual
model to explain containerized P. canariensis seedlings
establishment planted in semiarid environments (Fig. 7).
The proposed feed-back model relies on the assumption
that pre-planting nutrient concentration (especially nitro-
gen concentration) is positively related to net photosynthe-
sis rate (Green and Mitchell 1992; Grossnickle 2000; Jose
et al. 2003) and subsequently, to net carbon gain. Higher
needle biomass also increases net carbon gain through a
higher photosynthetic surface. Enhanced carbon gain
increases root biomass and length, which allows the seed-
ling exploring greater and deeper soil areas, determining
its survival probability (Padilla and Pugnaire 2007) This
better access to water can enhance not only plant survival
during long drought periods but also photosynthesis dur-
ing the onset of drought. The observed progressive
increase in the diVerences of seedling height between A
and T seedlings during the 3 years of study, and the strong
relationship between root biomass and water status in the
third year conWrms the feedback model. This conceptual
model is inspired in that proposed by Burdett (1990) for
bare-root conifer seedlings planted in boreal and temperate
sites. However, some diVerences between plantation in
humid and semiarid zones must be taken into account.
First, Burdett’s model emphasizes the importance of the

Fig. 7 Feed-back model for Pinus canariensis establishment in a
semiarid environment
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establishment of soil-root contact immediately after plant-
ing in order to decrease the resistance to water Xow
through the soil-air-plant-continuum. Therefore, the very
early root growth, which extends several days or weeks, is
the most decisive phase for seedling survival. Thus, the
feedback model for humid climates operates in the short
term. Once the roots have contacted with the soil, the sys-
tem becomes stable, as there is not much water depletion
in the upper soil layers. Containerized seedlings can have
lower resistance to water Xow through the soil–plant–
air-continuum after planting than bare root seedlings
(Grossnickle 2005). In this situation, early root growth is not
limited if seedlings are planted properly (granting soil-
plug contact) and there are no functional problems in the
roots provoked by frosts, diseases or bad handling (McKay
1997). Therefore, if early root growth and, in turn, soil-
root contact, is granted by using healthy plants and ade-
quate handling and planting practices, the decisive phase
for containerized seedlings is the wet period after planting,
which extends several months after planting, when a rapid
and sustained root growth is desirable. Second, climate in
temperate and boreal zones is much more predictable than
in semiarid environments where extremely long droughts
can occur. Therefore, plantations that seem to be well
established can fail during one of these events. Therefore,
the feedback model for Mediterranean and semiarid cli-
mates operates in the mid and the long term. It is desirable
that seedling root will be quick and sustained during the
Wrst years after planting to escape from soil water deple-
tion in the upper soil layers. The deeper the roots, the
longer the drought period can be withstand. Our results
show that planting rapid-growing P. canariensis seedlings
not only reduces the risk of mortality in the short term but
also increases the resistance of the plantations to drought
in the long term. Even 3 years after planting, water status
was better in seedlings which developed the larger and
deeper root system.

However, there are some concerns in this conceptual
model that deserve further research, specially for under-
standing the establishment of other species in the semiarid
climates. This model ignore that higher needle biomass
implies more water consumption. Fertilization is not always
beneWcial, since an excess of fertilization lead to higher
water losses and an imbalance in the shoot to root ratio. In a
water-saver species like P. canariensis (Morales et al.
1999) this is a minor problem, since it has a good stomatal
control of water losses. However, in very harsh sites where
root growth is diYcult or when planting water-spending
species, the higher water consumption by the improved
seedlings could impair survival. This could be the explana-
tion of the results of studies performed in semiarid climate
that observed a better Weld performance for nutrient
deprived seedlings (Trubat et al. 2008).

We conclude that culture media and fertilizer regime in the
nursery signiWcantly aVects seedling size. As peat and added
fertilizer signiWcantly increased seedling growth and thus sig-
niWcantly contributed to the survival and the overall Weld per-
formance of P. canariensis seedlings under Weld conditions
we recommend the use of well fertilized, P. canariensis seed-
lings for facilitating reforestation in semiarid sites within the
Canarian Archipelago. The results suggest that P. canariensis
establishment can be explained by a conceptual feed-back
model, with high nutrient concentration and large needle bio-
mass improving Weld growth and water status which, in turn,
enhances subsequent growth and survival.

Acknowledgments The authors want to express their gratitude to the
Consejería de Educación Cultura y Deportes of the Canarian Govern-
ment for supporting of the investigation and to the Cabildo Insular of
Tenerife for logistic support. Thanks to Gerhard Wieser and the two
anonymous reviewers for their comments to improve the manuscript
and the English style. V.C. Luis and J. Puértolas are currently funded
by FSE, MEC and CEAM and want to acknowledge to Consolider-In-
genio for actual support. CEAM is funded by Generalitat Valenciana
and Bancaja.

References

Bernier PY, Lamhamedi MS, Simpson DG (1995) Shoot:root ratio is
of limited use in evaluating the quality of container conifer stock.
Tree Planters Notes 46:102–106

Boivin JR, Miller BD, Timmer VR (2002) Late-season fertilization of
Picea mariana seedlings under greenhouse culture: biomass and
nutrient dynamics. Ann For Sci 59:255–264. doi:10.1051/for-
est:2002021

Boucher JF, Munson AD, Bernier PD (1995) Foliar absorption of dew
inXuences shoot water potential and root growth in Pinus strobus
seedlings. Tree Physiol 15:819–823

Burdett AN (1990) Physiological processes in plantation establishment
and development of speciWcations for forest planting stock. Can
J For Res 20:415–427

Chaves MM, Oliveira MM (2004) Mechanisms underlying plant
resilience to water deWcits: prospects for water-saving agriculture.
J Exp Bot 55:2365–2384. doi:10.1093/jxb/erh269

Chaves MM, Pereira JS, Maroco JP, Rodriguez ML, Ricardo CPP,
Osorio ML, Carvalho I, Faria T, Pinheiro C (2002) How plants
cope with water stress in the Weld: photosynthesis and growth.
Ann Bot Lond 89:907–916. doi:10.1093/aob/mcf105

Chaves MM, Maroco JP, Pereira JS (2003) Understanding plant
response to drought: from genes to the whole plant. Funct Plant
Biol 30:239–264. doi:10.1071/FP02076

Climent J, Alonso J, Gil L (2008) Root restriction hindered early allo-
metric diVerentiation between seedlings of two provenances of
canary Island pine. Silvae Genet (in press)

Cortina J, Valdecantos A, Seva JP, Vilagrosa A, Bello J, Vallejo VR
(1997) Relación tamaño-supervivencia en plantones de especies
arbustivas mediterráneas producidos en vivero. Actas del II
Congreso Forestal Español Mesa 3:159–164

Fernández-Palacios JM, de-Nicolás JP (1995) Altitudinal pattern of
vegetation variation on Tenerife. J Veg Sci 6:183–190.
doi:10.2307/3236213

Flexas J, Medrano H (2002) Drought-inhibition of photosynthesis in
C3 plants: stomatal and non-stomatal limitation revisited. Ann Bot
Lond 89:183–189. doi:10.1093/aob/mcf027
123

http://dx.doi.org/10.1051/forest:2002021
http://dx.doi.org/10.1051/forest:2002021
http://dx.doi.org/10.1093/jxb/erh269
http://dx.doi.org/10.1093/aob/mcf105
http://dx.doi.org/10.1071/FP02076
http://dx.doi.org/10.2307/3236213
http://dx.doi.org/10.1093/aob/mcf027


228 Eur J Forest Res (2009) 128:221–229
Flexas J, Bota J, Escalona JM, Sampol B, Medrano H (2002a) EVects
of drought in grapevines under Weld conditions: an evaluation of
stomatal and mesophyll limitations. Funct Plant Biol 29:461–471.
doi:10.1071/PP01119

Flexas J, Escalona JM, Evain S, Gulías J, Moya I, Osmond CB,
Medrano H (2002b) Steady-state chlorophyll Xuorescence (Fs)
measurements as a tool to follow variations of net CO2 assimila-
tion and stomatal conductance during water-stress in C3 plants.
Physiol Plant 114:231–240. doi:10.1034/j.1399-3054.2002.
1140209.x

Flexas J, Bota J, Cifre J, Escalona JM, Galmes J, Gulías J, LeW EK,
Martínez-Cañellas SF, Moreno MT, Ribas-Carbó M, Riera D,
Sampol B, Medrano H (2004) Understanding down-regulation of
photosynthesis under water stress: future prospects and searching
for physiological tools for irrigation management. Ann Appl Bot
144:273–283. doi:10.1111/j.1744-7348.2004.tb00343.x

Fraysse JY, Crémière L (1998) Nursery factors inXuencing containerized
Pinus pinaster seedlings’ initial growth. Silva Fenn 32:261–270

Genty B, Briantais JM, Baker NR (1989) The relationships between
the quantum yield of photosynthetic electron transport and
quenching of chlorophyll Xuorescence. Biochim Biophys Acta
990:87–92

Gough CM, Seiler JR (2004) The inXuence of environmental, soil car-
bon, root, and stand characteristics on soil CO2 eZux in loblolly
pine (Pinus taeda L.) plantations located on the South Carolina
Coastal Plain. For Ecol Manage 191:353–363. doi:10.1016/
j.foreco.2004.01.011

Green TH, Mitchell RJ (1992) EVects of nitrogen on the response of
loblolly pine to water stress. I. Photosynthesis and stomatal con-
ductance. New Phytol 122:627–633

Grossnickle SC (2000) Ecophysiology of Northern Spruce Species: the
performance of planted seedlings. NCR Research Press, Ottawa,
p 409

Grossnickle SC (2005) Importance of root growth in overcoming
planting stress. New For 30:273–294. doi:10.1007/s11056-004-
8303-2

Haase DL, Rose RW (1993) Soil moisture stress induces transplant
shock in stored and unstored 2 + 0 Douglas-Wr seedlings of vary-
ing root volumes. For Sci 39:275–294

Harley PC, Tenhunen JD, Lange OL, Beyschlag W (1987) Seasonal
and diurnal patterns in leaf gas exchange of Phillyrea angustifolia
growing in Portugal. In: Tenhunen JD, Catarino FM, Lange OL,
Oechel WC (eds) Plant response to stress: functional analysis in
Mediterranean ecosystems, NATO ASI series, vol l, G15. Springer-
Verlag, Berlin, pp 329–337

Jose S, Merritt S, Ramsey CL (2003) Growth, nutrition, photosynthesis
and transpiration responses of longleaf pine seedlings to light,
water and nitrogen. For Ecol Manage 180:335–344. doi:10.1016/
S0378-1127(02)00583-2

Lamhamedi MS, Bernier PY, Hébert C (1997) EVect of shoot size on
the gas exchange and growth of containerized Picea mariana
seedlings under diVerent watering regimes. New For 13:209–223.
doi:10.1023/A:1006586325524

Loreto F, Tricoli D, Di Marco G (1995) On the relationship between
electron transport rate and photosynthesis in leaves of C4 plant Sor-
ghum bicolor exposed to water stress, temperature changes and
carbon metabolism inhibition. Aust J Plant Physiol 22:885–892

Luis VC (2006) Calidad de planta de pino canario para reforestación.
Métodos de cultivo y respuestas Wsiológicas a factores de estrés.
Doctoral thesis. La Laguna University, Spain. 186 pp

Luis VC, Peters J, González-Rodríguez AM, Jiménez MS, Morales D
(2004) Testing nursery plant quality of Canary Island pine seedlings
grown under diVerent cultivation methods. Phyton 44:231–244

McKay HM (1997) A review of the eVect of stresses between lifting
and planting on nursery stock quality and performance. New For
13:363–393

Medrano H, Escalona JM, Bota J, Gulías J, Flexas J (2002) Regulation
of photosynthesis in C3 plants in response to progressive drought:
the interest of stomatal conductance as a reference parameter.
Ann Bot Lond 89:895–905. doi:10.1093/aob/mcf079

Mexal JG, Landis TD (1990) Target seedlings concepts: height and
diameter. In: Rose R et al (eds) Target seedling symposium. In:
Proceedings, combined meeting of the western nursery associa-
tions. Roseburg, OR. GTR: RM 200. USDA Forest Service,
pp 17–34

MMA (2008) Ministerio de Medio Ambiente. Los incendios forestales
en España. Año 2007. IV International conference of forest Wres,
pp 34

Morales D, Peters J, Jiménes MS, Tausz M, Wonish A, Grill D (1999)
Gas exchange of irrigated and non-irrigated Pinus canriensis
seedlings growing outdoors in La Laguna, Canary Islands. Spain
Z Naturforsch 54c:693–697

Munné-Bosch S, Alegre L (2000) Changes in carotenoids tocopherols
and diterpenes during drought and recovery, and the biological
signiWcance of chlorophyll loss in Rosmarinus oYcinallis plants.
Planta 210:925–931. doi:10.1007/s004250050699

Munné-Bosch S, Nogués S, Alegre L (1999) Diurnal variations of pho-
tosynthesis and dew absorption by leaves in two evergreen shrubs
growing in Mediterranean Weld conditions. New Phytol 144:109–
119. doi:10.1046/j.1469-8137.1999.00490.x

Nogués S, Alegre L (2002) An increase in water deWcits has no impact
on the photosynthetic capacity of Weld-grown Mediterranean
plants. Funct Plant Biol 29:621–630. doi:10.1071/PP01117

Oliet J, Planelles R, López M, Artero F (1997) Efecto de la fertilización
en vivero sobre la supervivencia en plantación de Pinus halepen-
sis. Cuad Soc Esp Cien For 4:69–80

Padilla FM, Pugnaire FI (2007) Rooting depth and soil moisture con-
trol Mediterranean woody seedlings survival during drought.
Funct Ecol 21:489–495. doi:10.1111/j.1365-2435.2007.01267.x

Peters J, Jiménez MS, Morales D (2003) Gas exchange characteristics
of Pinus canariensis needles in a Weld stand in Tenerife, Canary
Islands. Trees 17:492–500. doi:10.1007/s00468-003-0261-3

Puértolas J, Gil L, Pardos JA (2003) EVects of nutritional status and
seedling size on Weld performance of Pinus halepensis planted on
former arable land in the Mediterranean basin. Forestry 76:159–
168. doi:10.1093/forestry/76.2.159

Rivas-Martínez S, Wildpret W, Díaz TE, Pérez de Paz PL, Del Arco
MJ, Rodríguez Delgado O (1993) Excursion guide: outline vege-
tation of Tenerife island (Canary Islands). Itin Geobot 75–169

South DB (2000) Planting morphologically improved pine seedlings to
increase survival and growth. Forestry and Wildlife Research
Series No 1. Alabama Agricultural Experiment Station. Auburn
University, Alabama, 12 pp

South DB, Mitchell RJ (1999) Determining the optimum slash pine
seedling size for use with four levels of vegetation management
on a Xatwood site in Georgia, USA. Can J For Res 29:1036–
1046

Tausz M, Trummer W, Wonisch A, Goessler W, Grill D, Jiménez MS,
Morales D (2004) A survey of foliar mineral nutrient concentra-
tions of Pinus canariensis at Weld plots in Tenerife. For Ecol
Manage 189:49–55. doi:10.1016/j.foreco.2003.07.034

Thomson BE (1985) Seedling morphological evaluation. What you
can tell by looking. In: Duryea ML (ed) Evaluating seedling qual-
ity: principles, procedures, and predictive abilities of mayor test.
Forest Research Laboratory. Oregon State University, Corvallis
USA, pp 59–72

Trubat R, Cortina J, Vilagrosa A (2008) Short-term nitrogen depriva-
tion increases Weld performance in nursery seedlings of Mediter-
ranean woody species. J Arid Environ 72:879–890. doi:10.1016/
j.jaridenv.2007.11.005

van den Driessche R (1992) Changes in drought resistance and root
growth capacity of container seedlings in response to nursery
123

http://dx.doi.org/10.1071/PP01119
http://dx.doi.org/10.1034/j.1399-3054.2002.1140209.x
http://dx.doi.org/10.1034/j.1399-3054.2002.1140209.x
http://dx.doi.org/10.1111/j.1744-7348.2004.tb00343.x
http://dx.doi.org/10.1016/j.foreco.2004.01.011
http://dx.doi.org/10.1016/j.foreco.2004.01.011
http://dx.doi.org/10.1007/s11056-004-8303-2
http://dx.doi.org/10.1007/s11056-004-8303-2
http://dx.doi.org/10.1016/S0378-1127(02)00583-2
http://dx.doi.org/10.1016/S0378-1127(02)00583-2
http://dx.doi.org/10.1023/A:1006586325524
http://dx.doi.org/10.1093/aob/mcf079
http://dx.doi.org/10.1007/s004250050699
http://dx.doi.org/10.1046/j.1469-8137.1999.00490.x
http://dx.doi.org/10.1071/PP01117
http://dx.doi.org/10.1111/j.1365-2435.2007.01267.x
http://dx.doi.org/10.1007/s00468-003-0261-3
http://dx.doi.org/10.1093/forestry/76.2.159
http://dx.doi.org/10.1016/j.foreco.2003.07.034
http://dx.doi.org/10.1016/j.jaridenv.2007.11.005
http://dx.doi.org/10.1016/j.jaridenv.2007.11.005


Eur J Forest Res (2009) 128:221–229 229
drought, nitrogen and potassium treatments. Can J For Res
22:740–749. doi:10.1139/x92-100

Villar-Salvador P, Peñuelas JL, Carrasco I (2000) Plantas grandes y
mejor nutridas de Pinus pinea L. tienen mejor desarrollo en cam-
po. I Simposio de Pino Piñonero (Pinus pinea L.), vol I. Junta de
Castilla y León, Valladolid Spain, pp 219–227

von Caemmerer S, Farquhar GD (1981) Some relation between
biochemistry of photosynthesis and the gas exchange of leaves.
Planta 153:376–387. doi:10.1007/BF00384257

Waisel Y (1958) Dew absorption by plants of arid zones. Bull Res
Coun Israel Sec D 6:180
123

http://dx.doi.org/10.1139/x92-100
http://dx.doi.org/10.1007/BF00384257

	Nursery fertilization enhances survival and physiological status in Canary Island pine (Pinus canariensis) seedlings planted in a semiarid environment
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


