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ABSTRACT

Forestry plantations with evergreen broadleaf species in Mediterranean climate sites usually perform poorly in the field. Holm oak
(Quercus ilex ssp. ballota (Desf.) Samp.), cork oak (Quercus suber L.), wild olive tree (Olea europaea L. ssp. europaea var. sylvestris)
and lentisk tree (Pistacia lentiscus L.) are extensively used for such plantations. In order to determine the environmental factor that
induces cold hardening most effectively and the mechanisms that are involved in this process, seven month-old nursery seedlings were
taken to three growth chambers during the hardening phase and submitted to: 22/17°C (day/night) and decreasing photoperiod from 12 to
8 h (Ph chamber), 12 h photoperiod and decreasing temperature from 22/17°C to 8/3°C (T chamber); and progressive reductions in
temperature and photoperiod (PhT chamber). The variation of morpho-physiological traits was assessed. Reducing the photoperiod by up
to 8 h did not stop the growth in height and diameter. Air temperatures below 8°C reduced substantially height growth, mainly in Quercus
species, but not diameter growth. Reducing the temperature proved much more effective for cold hardening than reducing the photoperiod.
Low temperatures induced seedlings to accumulate non-structural carbohydrates (soluble sugars in the leaves and roots, and starch in the
roots), and to improve cold hardiness. Differences among species were observed in cold hardiness, with Q. ilex > Q. suber > P. lentiscus >
O. europaea. The maximum level of cold hardiness achieved in this experiment by Q. suber and Q. ilex was reached when seedlings
accumulated 775-800 hg (hours < 8°C), 750 hg in O. europaea and 725 hg in P. lentiscus. Finally, measuring chlorophyll fluorescence
(Fv/Fm) after a freezing test was useful in estimating the cold hardiness of these species, providing results in less than two days for plant
quality purposes.

Keywords: chilling requirements, frost tolerance, Quercus suber, Quercus ilex, Pistacia lentiscus, Olea europaea
Abbreviations: Dggr, absolute growth rate in stem diameter; Fv/Fm, variable-to-maximum chlorophyll fluorescence; hg, chilling-
effective hours with air temperatures < 8°C; Hgg, absolute growth rate in height; LT50, temperature corresponding to 50% leaf damage;

SRDW\g, the variation rate in shoot to root dry weight ratio; TDWgg, absolute growth rate in total dry weight

INTRODUCTION

Evergreen broadleaf species are used extensively for for-
estry plantations. Holm oak, the dominant sclerophyllous
species in large parts of the Mediterranean basin, makes up
more than 4.0 Mha of forests, and cork oak about 2.0 Mha
(Ruiz de la Torre 2006). Wild olive tree and lentisk tree,
like holm oak and cork oak, are very widespread in the
Mediterranean Basin. The four species frequently coexist as
part of forests and shrublands. Nevertheless, these species
have a poor early out-planting performance when compared
to other Mediterranean species, particularly when planted in
sites with unfavourable climatic conditions (Baeza et al.
1991; Rey-Benayas 1998; Pausas et al. 2004), mainly as a
result of summer drought. However, cold stress (Mitrakos
1980; Larcher 2000; Molla el at. 2006) and other factors
such as planting shock, frost, spring drought, grazing, etc.,
also affect negatively to seedling performance. Afforesta-
tion in Mediterranean climate is done during cold season,
since spring planting could reduce root growth (Corchero-
Torre et al. 2002) and could damage seedlings if a drought
period occurs (Rose 1992). Autumn-planted seedlings can
be threatened, however, by early frosts (Colombo et al.
2003; Molla et al. 2006), especially if evergreen species are
used (Larcher 2003; Varone and Gratani 2007).

Nursery practices, environmental conditions, and gene-
tic factors affect the functional characteristics of seedlings
and consequently their transplanting performance (Gross-
nickle and Folk 1993; Birchler et al. 1998). Nevertheless,

the majority of research carried out to date on seedling qua-
lity and field performance has been conducted using conifer
nursery stock, mainly in cold temperate and boreal forest
species. Therefore, it needs to be verified and fine-tuned for
broadleaved species (Colombo 2004). Walter Larcher (2000)
conducted probably the most complete studies of low tem-
perature effects on Mediterranean sclerophyllous species,
but he did not deepen on the environmental control of frost
resistance in these species.

Environmental factors at the nursery during the harden-
ing phase such as chill temperatures, short photoperiods,
irrigation and fertilisation can induce plant dormancy and
improve plant hardiness (Colombo et al. 2003; Villar-Sal-
vador et al. 2004; Fernandez et al. 2007). Although irriga-
tion and fertilisation increase hardiness, they do not always
induce sufficient levels of hardiness in Mediterranean forest
seedlings (Royo 1998; Villar-Salvador et al. 1999). On the
other hand, temperature and daylength are important factors
controlling growth, dormancy and stress conditioning in
species from temperate climates (Greer and Warrington
1982; Taulavouri et al. 1997; Colombo et al. 2003; Turner
and Mitchell 2003), even though the response can vary de-
pending on the species and ecotype (Fernandez and Pardos
1995; Boorse et al. 1998; Repo et al. 2000). Daylength and
temperature can induce chemical changes in cell and thyla-
koid membranes, as well as elastic and osmotic adjustments,
similar to those induced by moderate water stress (Folk et
al. 1994; Karavatas and Manetas 1999; Valentini et al.
2000), lowering the cell freezing point (Sutinen et al. 2001).
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To avoid freezing damage after out-planting, it is pos-
sible to determine when seedlings are hardy enough to with-
stand autumn frosts (Colombo and Gellert 2002). Therefore,
cold hardiness is operationally useful because it is relatively
easy to monitor (Ritchie and Landis 2003). To measure the
cold hardiness, many nursery managers record the number
of chill hours, and assume adequate hardiness when 200 to
400 hours are reached, depending on the species and the
geographic seed source (Lantz et al. 1996).

Temperature and photoperiod are two variables that can
be modified in nurseries and greenhouses (Colombo 2004),
but the few cold hardiness studies on the four species of this
study examined simultaneous reductions in temperature and
photoperiod (Fernandez et al. 2005; Molla et al. 2006).
None of the studies describe the separate effect of a gradual
decrease in temperature or the photoperiod on cold-har-
dening of holm oak, cork oak, wild olive tree or lentisk tree.
Therefore, the major objectives of this study are to deter-
mine: i) the environmental factor that induces cold-harden-
ing most effectively: a reduction in temperature or a reduc-
tion in the photoperiod; ii) the effects of these environ-
mental factors during the hardening phase on plant growth,
mineral nutrients content and non-structural carbohydrates;
and iii) the chilling requirements for inducing cold hardi-
ness and, consequently, determining when seedlings are
ready for out-planting from the nursery. To achieve these
objectives morphological and physiological attributes were
assessed during hardening in growth chamber conditions.

MATERIALS AND METHODS

Young seedlings of holm oak, cork oak, wild olive tree and lentisk
tree were first grown at the nursery of the Polytechnic School (Hu-
elva, Spain, 37° 12" N, 6° 54' W) from March to September. Seed-
lings (1500 plants per species) were cultivated in the open air in a
Sphagnum peat/older-peat/pine bark mix (1:1:1 v/v), with 300 cm®
per plant, watered as needed and fertilised once a week with Peters
Professional® 20-20-20. The containers (Super-leach® 300) were
individual cells that can be interchangeable in separate tray sys-
tems. The size of the plants were within the normal range of those
produced in Spanish nurseries, except for the wild olive tree that
was at the higher end in terms of height (Navarro et al. 1998;
Baiion et al. 2003). Cork oak averaged 35.9 £ 3.2 cm in height,
holm oak 14.8 £+ 0.8 cm, wild olive tree 71.4 £ 3.5 cm and lentisk
tree 7.3 £ 0.7 cm. All the seeds were collected from natural forests
in south-western Spain. The location and climate variables of the
seed origins were: latitude 36° 00" to 38° 25’ N; longitude 3° 21’ to
7° 32" W; 660 to 750 mm average annual rainfall; 16.7 to 17.6°C
mean annual temperature; 4.8 to 7.1 mean minimum temperature
of the coldest month; and 30.9 to 34.2°C mean maximum tempe-
rature of the warmest month.

Three hundred seedlings per species were then randomly sel-
ected, divided into three equal parts and placed into three growth
chambers with contrasting growing conditions. To acclimatise the
seedlings to growth chamber conditions, all of them were left in-
side the growth chambers for three weeks, with a good water sup-
ply and under long daylength (from 16 to 14 h) and warm-tempe-
ratures (from 25/19 to 22/17°C, day/night). For the first week the
growing conditions (daylength and temperature) were similar to
those at the nursery. After the first three weeks, the experiment
was subsequently carried out over a thirteen-week period. The Ph
chamber was set at a constant temperature (22/17°C, day/night)
and decreasing photoperiod from 12 to 8 h (-0.5 h/week from the
week 1 to the 9, and a constant photoperiod of 8 h in the last four
weeks). The T chamber was set at a constant photoperiod (12 h)
and decreasing temperature from 22/17°C to 8/3°C (-2°C/week
from the weekl to the 8, and constant temperatures of 8/3°C in the
last five weeks). And the PhT chamber was set at progressive
reductions of photoperiod and temperature as described for Ph and
T chambers for a thirteen-week period, as well. For operational
reasons, the seedlings of the PhT chamber were selected from the
nursery and acclimated two weeks before chambers T and Ph, so
these were two weeks older than plants from the PhT chamber at
the beginning of the experiment. The plants did not show any
visual symptom of shoot growth when they were collected from

the nursery. The photoperiod and daily temperatures employed in
this study were chosen because these values are similar to those at
the source locations of the seed origins from the beginning of au-
tumn to midwinter. Temperatures between 0 and 10°C are expec-
ted to be effective to induce cold hardening and, for species adap-
ted to warm climates, the higher values of this range are preferred
(Royo 1998; Fernandez et al. 2003, 2007). We therefore decided to
calculate chilling-effective hours with air temperatures < 8°C (hg).
The number of chill hours (hg) in chambers T and PhT accumu-
lated during the experiment were zero from day 1 to 28, 288 on
day 47, 888 on day 72 and 1344 on day 91. There were no chill
hours in chamber Ph.

Mean photosynthetic active radiation (PAR) was 400 pmol
m? ™" in the middle of the growth chambers, falling to 300 pmol
m? s at the edges. The trays were therefore rotated weekly. The
plants were not rotated between chambers, but the results obtained
indicated us that it was unlikely that they were significantly influ-
enced by uncontrolled factors linked to a single chamber. Seed-
lings were well watered (every two days) and fertilised (once a
week). A Compo® Universal liquid fertiliser (7-5-6 + micronutri-
ents) was used, at a concentration of 2.5 cm*/L (40 cm’/plant of
watering solution each time).

The following parameters were measured on four dates (days
1,47, 72 and 91):

a) Morphology and growth. On each harvest date, 6 seedlings
per species and treatment were harvested. The following para-
meters were measured: height (H); the stem diameter two centi-
metres above the root collar (D); and leaf (LDW), stem (STDW)
and root (RDW) dry weights oven-dried to constant weight at
75°C. Shoot dry weight (SDW = LDW+STDW), total dry weight
(TDW), and the shoot-to-root dry weight ratio (SRDW) were cal-
culated. The absolute growth rate in height (Hgg), in stem dia-
meter (Dgr) and in total dry weight (TDWgg), and the variation
rate in SRDW (SRDWyR) were also calculated. In addition, at the
beginning of the experiment, ten seedlings were selected at ran-
dom for each chamber (permanent sample). Their heights and stem
diameters were measured on days 1, 18, 31,47, 59, 72 and 91. The
absolute growth and variation rates during the experiment were
calculated as follows: (X, — X;)/n, where x; and x;,,, were the val-
ues of a morphological attribute (H, D, TDW or SRDW) on days i
and i+n respectively, and n was the number of days from day i to
day i+n.

b) Mineral nutrient and carbohydrate content. Once weighed,
on each harvest date, the six seedlings were used to analyse
macronutrients (N, P, K), soluble sugars (SS) and starch content in
the shoot and root. The following analytical procedures were ap-
plied: elemental analysis for N (EA FLASH 1112 CHNS, CE Ins-
truments Ltd., UK), flame photometry for K, hydro-alcoholic ex-
traction and colorimetric titration with anthrone for SS, and acidic
hydrolysis, followed by titration with anthrone for starch. A spec-
trophotometer (UVmini-1240, Shimadzu, Tokyo, Japan) was used
for the analysis of P, SS and starch.

¢) Whole-plant freezing test (WPFT). At each harvest, 2
seedlings per species and treatment were chosen as a control and
another 5 were exposed to a slow temperature decrease (3°C/h),
until the temperature reached the minimum point set for each
freezing test (between -2 and -17°C, depending on the date). The
control seedlings were used to test, and to correct if necessary, the
effect of any uncontrolled factor apart from low temperature that
could influence on the results. The roots were protected from low
temperatures by surrounding them with Styrofoam. Root tempera-
ture, measured continuously with a thermometer, never dropped
below -2°C during the coldest test. The temperature was main-
tained for three hours, after which it was increased by 5°C/h to
room temperature. The plants were then transferred to a growth
chamber at a temperature of 22/16°C (day/night), relative humi-
dity of 70/90%, photoperiod of 16 h, and a PAR of 350 pmol m™
s Two days later, the variable-to-maximum chlorophyll fluores-
cence (Fv/Fm ratio) was measured with a portable fluorometer
(Fim 1500, ADC, London, UK). Two hours after the beginning of
the light period, and after sufficient dark adaptation, a 5 s flash of
actinic light with a flux of 1500 pmol m? s and a peak wave-
length of 650 nm was used. One month later, visual shoot damage
was assessed based on the proportion of withered leaves. The tem-
perature corresponding to 50% leaf damage (LT50) was calculated
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Table 1 Visual assessment of frost damage at the beginning of the experiment (day 1), and at the third harvest (day 72) for the three growing conditions

(Ph, T and PhT chambers). (hs) = number of chill hours < 8°C accumulated

Species Day (hs) Treatment Temperature of the freezing test (°C)
-4 -6 -8 -11 -14
Q. suber 1(0) day 1 28+7a 59+13b 94+5¢ 100+0d
72 (888) Ph 19+8a* 35+ 12 a* 96 + 3 b* 100£0c* 100£0c*
T 0+0a° 4+20b° 9+8bc® 24+9c° 64+ 11d°
PhT 0+0a° 3+2ab° 10 £ 9 ab°® 26£8c¢° 68+9d°
Q. ilex 1(0) day 1 10+8a 15+9a 76+11b 100+0¢
72 (888) Ph 2+2a 17 £ 8 b* 52+10c* 90 + 8 d* 100 £0e*
T 0+0a 2+1a° 10 £ 9 ab°® 18+90b° 54+12c¢°
PhT 0+0a° 0+0a° 7+6ab° 20+ 8 b° 60+9c®
P. lentiscus 1(0) day 1 24+9a 61+11Db 100+0¢c 100+0¢c
72 (888) Ph 16+7a* 51+10b* 96+ 3 c* 100 £0 d* 100 £0 d*
T 0+0a° 4+2ab° 10£60b° 37+11c¢° 84+ 13d°
PhT 0+0a° 2+2a° 14+£60° 42+9c¢° 83+10d°
O. europaea 1(0) day 1 5t3a 50+12b 86t 1lc 100£0d
72 (888) Ph 10+ 6a* 30+ 8 b* 71£9c* 100 £0 d* 100£0d
T 0+0a° 2+1a° 5+2ab° 61+12c¢° 100£0d
PhT 0+0a° 0+0a° 8+7ab°’ 66 £ 10 c° 100£0d

Within each species: Letters in a row (* to ©) indicate significant differences among temperatures of the freezing tests (p < 0.05) on the same day under the same chamber.
Asterisks (*) indicate significant differences between chambers (p < 0.05) under the same temperature test on day 72. Circles (°) indicate significant differences between day

72 and day 1 (p < 0.05) under the same temperature test.

Blank boxes indicate the lack of freezing tests for these temperatures, and it was accepted that their values of frost damage was 100%.
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Fig. 1 Lethal temperature 50 (LT50, °C) acquired by the seedlings from the beginning to the end of the experiment, for all the species and cham-
bers. Q. suber = &, Q. ilex= [, P. lentiscus = A, O. europaea = O (Ph chamber: continuous lines; T chamber: broken lines; PhT chamber: dotted lines).

Each point is the mean of six seedlings per species and chamber.

by plotting visual damage against minimum temperature of the
freezing tests.

d) Data analysis. One, two, or three way ANOVA was applied
to the data (SPSS® 12.0, SPSS Inc.). Species, growing conditions
(chambers) and harvest dates were taken as fixed factors. A re-
peated-measures ANOVA were used for H and D of the permanent
sample seedlings. Data were checked for normality and homoce-
dasticity. The Tukey HSD test (Tukey Honest Significant Dif-
ference) was used as a means of determining differences when
these were significant (p < 0.05). Correlation analysis was used to
examine the relationship between morphological and shoot dam-
age parameters. Control-plant and tested-plant differences in the
WPFT were analysed using one way ANOVA as well.

RESULTS

There were significant differences in cold hardiness (p <
0.001) between species, chambers and dates (Table 1; Fig.
1). Data from freezing tests at -2°C and at -17°C are not
shown in this table because at -2°C there was no frost dam-
age for any species, dates or chambers, and at -17°C the
frost damage was 100% for all of them. Under chambers T
and PhT, LT50 decreased from the beginning to the end of
the experiment 7.0°C in Q. suber, 7.2°C in Q. ilex, 6.0°C in
P. lentiscus and 4.4°C in O. europaea, with Quercus sp.
hardening significantly more than P. lentiscus and O. euro-
paea. For all the species in these two chambers the dif-
ferences in cold hardiness between dates were: days 72 and

91 > day 47 > day 1. Under chamber Ph, however, the
change in LT50 (i.e. ALT50p,) ranged from 0.5 C (P. len-
tiscus) to 1.7°C (Q. ilex), without significant differences
between species or dates. When expressed in percentage,
the differences in the variation of LT50 between T and PhT
chambers in respect to Ph chamber (e.g.: 100 [ALT50p, /
ALT501]) were 17% for Q. suber, 23% for Q. ilex, 8% for P.
lentiscus, and 36% for O. europaea. The seedlings did not
noticeably react to cold conditions (i.e. 2 of ALT50) until
they accumulated 300-370 hg (Quercus), 260 hg (P. lentis-
cus) and 420 hg (O. europaea). Maximum cold hardiness for
this experiment was achieved when Quercus sp. accumu-
lated 775-800 hg, P. lentiscus 725 hg, and O. europaea 750
hg. These data were determined graphically by plotting
LT50 against chill hour accumulated during the experiment.
There were significant differences (p <0.001) in SS and
root starch concentration between harvest dates. In the T
and PhT chambers, significantly different from Ph chamber
(p <0.001), there was a significant increase in leaf and root
SS concentrations and in root starch concentration between
the second and third harvests. The evolution of leaf SS over
the experiment is showed in Fig. 2. Similar evolution pat-
terns were shown by root SS and root starch concentrations.
Levels of root starch concentrations were significantly dif-
ferent between spemes with Q. ilex (173 £ 8 mg g') > Q.
suber (95 +7mg g"')> O. europaea and P. lentiscus (46 + 9
mg g') for all the harvests and chambers as a whole. Leaf
starch did not differ significantly between species, dates or
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Fig. 2 (Left) Evolution pattern of leaf soluble sugars (SS) for the three chambers and all the species together. (Right) The relationship between
leaf SS and lethal temperature 50 (LT50) for each species and for all the species together (All sp.). Each point is the mean of six seedlings per
species. Q. suber = &, Q. ilex =, P. lentiscus = A, O. europaea = O. The significance level of the ANOVA for the linear regressions are showed: * = p

<0.01, ™ = not significant.

chambers (p > 0.245), averaging 32.8 + 3.5 mg g for all
the species, dates and chambers as a whole. In the Ph cham-
ber, however, soluble sugars (SS) and root starch concentra-
tions either decreased slightly or remained unchanged from
the beginning to the end of the experiment. For all four
species, there was a greater SS concentration in leaves than
in roots, and leaf and root SS were 51gn1ﬁcantly correlated
(SSroot = 0.337 SSear + 8.720, p = 0.035, 1> = 0.40, n = 48).
Within each species, leaf SS concentration and frost toler-
ance (LT50) were highly correlated, but not if we consider
all the species together (Fig. 2). Frost tolerance was also
positively correlated with SS in roots (1* ranged from 0.70
for Q. ilex to 0.97 for P. lentiscus, p <0.05, n= 12).

The significant relationship between visual shoot dam-
age and Fv/Fm in the WPFT is illustrated in Fig. 3. Fv/Fm
values of control plants ranged between 0.78 and 0.84. In
general, frost temperatures damaged the plants (i.e. LT50 >
50%) if the Fv/Fm values were under 0.71. When values
were above 0.80, the plants experienced little or no damage
(LT50 < 50%). In the interval between 0.71 and 0.80, how-
ever, there was a large variation in the levels of damage pre-
dicted by Fv/Fm, being therefore unpredictable, at least for
these species and by measuring chlorophyll fluorescence 48
h after the freezing test.

In general terms, the plants grew both in height (H) and
stem diameter (D) over the course of the experiment (Table
2). Although H and D measurements were taken on seven
dates and harvests were made on four dates, the results are
well understood if the experiment is divided into two major
periods of time: the first period from day 1 to 47 (the war-
mer period with longer photoperiods), and the second pe-
riod from day 47 to 91 (with daily temperature < 8°C at the
T and PhT chambers, and with photoperiod < 8 h at the Ph
and PhT chambers). Hgr was 51gn1ﬁcantly greater at the Ph
chamber (0.94 = 0.30 mm day ) than at the T and PhT
chambers (0.32 + 0.15 mm day ' as a whole). For the three
chambers as a whole, Hgr in Quercus sp. was larger in the
first period than in the second one, while P. lentiscus and O.
europaea showed the opposite pattern. Stems increased
significantly in diameter throughout the experlment with
Dgr greater in the second period (7 3 £ 2.0 um day’) than
in the first one (3.3 £ 1.3 um day'). There were not signi-
ficant differences in Dgr between chambers or species. The
significant interaction between species and chambers was
due to a greater Dgr in P. lentiscus at the Ph chamber (11.7
+29 pm day') than at the T and PhT chambers (2.6 + 1.6
um day"'), while the other three species did not differ sig-
nificantly between chambers.

TDWgr did not vary significantly between chambers or
dates, but it did between species (Table 2). O. europaea
(32.1£9.5 mg day ) showed a greater growth rate than the
other three species (< 6.6 mg day ). The significant interac-

100 @00 » A o
N o <><>E| o
] o %o & o o
801 ° ©0%, ° 050
< o o ¢o9°
o (o]
Y A
=2 60 4
§
S 40 OQss.
s 0 Q.i.
2
> o0 AP
O0O0.e.
O T T T T T T T T T T

00 01 02 03 04 05 06 07 08 09
Fv/Fm

Fig. 3 The relationship between chlorophyll fluorescence (Fv/Fm
ratio) two days after the freezing test and visual damage one month
after the freezing test, for all the species, chambers and freezing tests.
Each point is the mean value of 2 or 5 seedlings (control and tested plants
respectively). Q. suber = <&, Q. ilex = [, P. lentiscus = A, O. europaea =
O.

tion between species and chambers was due to a greater
TDWagr at the T and PhT chambers than at the Ph chamber
in Q. suber, Q. ilex and O. europaea. P. lentiscus showed,
however, the opposite pattern. For the three chambers as a
whole, Q. ilex grew significantly more in the first than in
the second period, while P. lentiscus and O. europaea
showed a greater TDWgp in the second one.

The variation rate in dry matter partitioning (SRDWyg)
differed between chambers, species and dates. The more
relevant results to emphasize, however, could be the inter-
actions species-chamber and species-period. P. lentiscus in-
creased 51gn1ﬁcantly in SRDW at the Ph chamber (SRDWyx
= 32 4 10 day™") but not at the T and PhT chambers (0.6
107 day™"); Q."ilex increased in SRDW at the Ph chamber
but decreased it at the other two chambers; while Q. suber
and O. europaea increased and decreased, respectively, the
SRDW values in all three chamber conditions. With regard
to species and period interaction, Quercus species increased
in SRDW during the first period and decreased during the
second one; O. europaea showed the opposite pattern than
Quercus sp.; and P. lentiscus increased in SRDW during the
two periods but significantly more during the second one.

Leaf, stem and root nutrient concentrations did not
undergo great variations from the beginning to the end of
the experiment. There were significant differences, however,
between species for N and K, both in their leaves and roots
(0.030 > p > 0.001). The plants did not show visual symp-
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Table 2 Mean values (+SE) of growth rates in the two periods of the experiment (days 1-47 and days 47-91) for all the species and the three growing
conditions (Ph, T and PhT chambers). Hgr = absolute growth rate in height; Dgr = absolute growth rate in diameter; TDWgg = abslote growth rate in
total dry weight; SRDW\r = the variation rate in shoot-to-root dry weight ratio; p-value = significance level from ANOVA of growing parameters.

Species Chamber Her (Mm day™) Der (um day™) TDWer (Mg day™) SRDW, (day™) x10°°
Day 147 _ Day47-91 Dayl47 Day4791 Dayl47 Day47-91 Dayl47  Day47-91
Q. suber Ph 1.49£0.21 0.32+£0.08 44+1.5 56+£1.8 04£27 1.4+£33 55+£1.5 -1.5+1.2
T 0.27 £0.04 0.11 £0.05 3316 39+1.6 13.7+£6.2 10.7 £4.1 8.4+3.1 5.7+£22
PhT 0.32£0.04 0.13£0.04 34+£1.5 39+1.5 142 +£58 10.5+£6.5 72+£35 43+27
Q. ilex Ph 0.74£0.18 0.51+£0.20 33+1.7 79+1.6 0.1+2.8 034+1.7 10.1£3.0 1.0£3.2
T 0.54£0.07 0.14 £0.05 43+14 83+£1.2 11.6+52 -1.3+3.6 0.8+2.1 4.0+2.1
PhT 0.52£0.06 0.13£0.04 38%1.5 8.0t1.4 10.6 £4.5 03£2.7 0.8+25 424122
P. lentiscus Ph 0.77£0.14 2.19+£0.24 32+£13 18.3+£2.1 23£25 15.8+£7.0 19.2+£98 41.6£99
T 0.13£0.04 0.17 £0.03 2.1£09 32+1.1 0.7+3.2 1.7£2.1 -6.4+47 7.7+£45
PhT 0.11+£0.03 0.15+£0.04 2112 3.0£1.1 0.7+£24 1.6£2.8 57155 83+£58
O. europaea Ph 0.12+£0.10 1.24+£0.14 3.0+1.2 6113 12.8£6.5 229+97 -185+£59 19.4+£6.8
T 0.12 £0.05 0.12£0.03 3.1£0.8 29+1.2 189+74 462+99 -193+63 -1.9+22
PhT 0.12 £0.04 0.11 £0.04 3.0£1.0 3.1£1.0 17.5+7.2 37.8+£9.0 -16.1+£75 2.7+29
Species (S) 0.790 0.747 0.045 <0.001
Chamber (Ch) 0.008 0.248 0.397 0.002
p-value Period (P) 0.706 0.011 0355 0.023
S x Ch 0.611 0.047 0.037 0.015
SxP 0.045 0.620 0.046 <0.001
ChxP 0.403 0.301 0919 0.190
SxChxP 0.382 0.639 0.793 0.515

toms of nutrient deficiency and they were within the opti-
mum range of N, P and K concentrations (Navarro et al.
1998; Castro-Diez et al. 2006). For instance, leaf N concen-
trations were 2.07 = 0.10% for Q. suber, 1.84 + 0.10% for
Q. ilex, 2.64 + 0.09% for P. lentiscus and 2.30 + 0.11% for
O. europaea. Differences between chambers were only sig-
nificant for root K concentrations (p = 0.034), where con-
centrations under the Ph chamber (0.91 + 0.05 %) were a
bit higher than under the T chamber (0.80 = 0.04 %). The
K/N ratio did not differ significantly between chambers or
harvest dates for all four species. Leaf and root P concen-
trations did not differ between chambers, as well. There
were not significant correlations between nutrient concen-
trations and cold hardiness in this experiment.

DISCUSSION

The pattern of cold hardiness development revealed notice-
able differences between species, ambient conditions and
dates. Decreases in temperature (T and PhT chambers) in-
creased significantly cold hardiness. A reduction in photo-
period up to 8 h can produce certain increases in cold hardi-
ness in these species (ALT50p, < 1.7°C), but it scarcely in-
fluenced on cold hardening in P. lentiscus, and in O. euro-
paea, the most sensitive of the four species, did not exceed
36% of the hardening brought on by low temperatures.
Consequently, shorter days can have an important effect on
hardening of deciduous species and conifers of mild-cold
areas (Taulavuori et al. 1997; Hawkins and Shewan 2000;
Colombo et al. 2003), but this did not happen, however, for
the species used in our experiment or for other Mediter-
ranean species (Nguyen et al. 1995). The maximum cold
hardiness reached under the T and PhT chambers, and the
chilling requirements to induce it, were similar to those ob-
tained for these species under nursery conditions (Fernan-
dez et al. 2005), with a simultaneous and natural reduction
in temperature and photoperiod. Larcher (2003) determined
a maximum frost tolerance for Q. ilex saplings in the range
-12 to -15°C, also similar to our results. Therefore, for our
experiment it is possible that the accumulation of chill
hours would be sufficient to induce the maximum level of
tolerance in these species by itself, regardless of photope-
riod.

The sharp increase in leaf SS concentration under treat-
ments T and PhT, from the second to third harvests, under
8/3°C (day/night) air temperatures, indicates a period of ac-
cumulation, coupled with a cessation of height growth and
probably a decrease in respiration, as an adaptive response
to the cold (Ogren et al. 1997). Soluble sugars can act as os-

motic-active solutes (Morgan 1984), increasing tolerance
both to low temperatures and water stress. The rise in SS
(leaf and root) and starch (only root) under T and PhT
chambers indicates net storage and not translocation. The
plants therefore experienced some physiological changes,
and started the hardening process on the second harvest date
under these ambient conditions when they had been ex-
posed to temperatures below 8°C (hg) for 288 hours. On the
other hand, plants that experienced a reduction in the photo-
period (Ph treatment) did not reveal a net accumulation of
non-structural carbohydrates (SS and starch). Although SS
can be related to cold hardiness (Morin et al. 2007), each
species may have a unique relationship of cold hardiness to
SS. This could indicate that not only SS but other mecha-
nisms (Larcher 2000), including lipids accumulation (Dia-
mantoglou and Kull 1982) must be involved.

The ranking for cold hardiness in this experiment (Q.
ilex > Q. suber > P. lentiscus > O. europaea) agrees with
the results reported by other authors (Larcher 1981; Ter-
radas 1999; Morin et al. 2007; Varone and Gratani 2007).
The distribution of the four species in the Mediterranean
basin, and mainly the altitudinal threshold they can reach,
could explain these differences between species in frost
tolerance. The four species can live together but according
to Ruiz de la Torre (2006), Q. ilex principally lives between
200 and 1200 m altitude but can be found from 0 to 2000 m
in South Spain, Q. suber can reach up to 1300 m but usually
inhabit from 0 to 1000 m, and the other two species live in
valleys and lowlands like Q. suber. Moreover, this matches
with the distributions of the four species in Spain: Q. ilex
usually spreads on forest sites with mean minimum tempe-
ratures of the coldest month between -4 and 10°C, Q.
suber between -1 and 10°C, and P. lentiscus and O. euro-
paea between 4 and 10°C (Rivas-Martinez 1987).

Chlorophyll fluorescence, a good indicator of photosys-
tem II efficiency, has been used to estimate long-term res-
ponses to cold conditions and water stress, and has been
used as an indicator of hardening and dormancy (Agati et al.
1996; Binder et al. 1997). Nevertheless, dormancy and
stress hardiness are sometimes acquired and lost differently,
which suggests that they are independent physiological pro-
cesses (Hawkins and Shewan 2000). In the present study,
Fv/Fm values revealed conclusive results after freezing. A
sudden increase in shoot damage was noted for Fv/Fm val-
ues lower than 0.71, similar to the results of other authors
working with Mediterranean species (Fernandez et al. 2003;
Aranda et al. 2005). Between 0.71 and 0.80, we found an
unpredictable transition zone, and Fv/Fm values above 0.80
indicated little or no damage. The latter is related to the
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discrimination capacity of Fv/Fm measurements to estimate
the frost damage of seedlings (Fernandez et al. 2003; Gon-
zalez-Rodriguez et al. 2005).

Reducing the photoperiod from 12 to 8 hours did not
stop Hgr, especially in P. lentiscus and O. europaea, but re-
ducing the temperature from 22/17°C to 8/3°C had a sub-
stantial effect on height growth. A continuous increase in
diameter, despite the reduction in temperature or photope-
riod, is not surprising given that the temperature in the
growth chamber never fell below 3°C. This reveals that,
during cold periods, there can be cambial activity, even
when apical meristem activity has stopped, and that cambial
activity may not be dependent on daylength (Larcher 2003).
In commercial nurseries, however, minimum winter tempe-
ratures usually drop below 0°C, which substantially reduces
diameter growth (Fernandez et al. 2005). The internal chan-
ges caused by modifications in the photoperiodic and tem-
perature regimes are complex, and species-dependent
(Nitsch 1957; Waisel and Fahn 1965). Moreover, the ten-
dency to alternate between activity and rest (“growth in
phases”) of these evergreen species (Larcher 2003) make
difficult to get solid conclusions about the relationship bet-
ween shoot growth and cold hardiness in a 91-day experi-
ment, because they could be influenced by the internal con-
trol of the growth.

Within each species, the values of TDWgr during the
experiment ran in parallel with Hgg, Dgr or both together.
The SRDW ratio provides information on the balance bet-
ween water transpiring and absorbing organs. This is very
important during the post-plantation period, where nursery
target values are < 1.0 for oaks and < 4.0 for wild olive tree
for planting (Navarro et al. 1998). There are no standards
for SRDW for lentisk tree. Because of the results obtained
for Hgr, Dgr and SRDWyr during the hardening period
under treatment Ph, it is not suitable for cold hardiness to
reduce the photoperiod as a standard nursery practice unless
this is accompanied by a reduction in temperature. Alterna-
tively, it would be possible to reduce the temperature while
maintaining longer photoperiods than those existing in nor-
mal environmental conditions. The limited response to re-
duced photoperiod differentiates these species from the re-
action of those from higher latitudes and/or altitudes (Taula-
vuori et al. 1997; Colombo et al. 2003; Jensen and Deans
2004). Therefore, it can be inferred that the cold hardiness
and the accumulation of non-structural carbohydrates in-
duced by low temperatures could be related to a decrease in
the apical meristem activity, but not in Dggr or TDWgg, at
least in the range of temperatures of this experiment. The
two species that can inhabit colder sites, Q. ilex and Q.
suber, were more dependent on photoperiod for height
growth than P. lentiscus and O. europaea.

Leaf K concentration did not increase significantly,
either as a result of lower temperatures or a shorter photo-
period, as can occur with other species of Mediterranean
conifers (Fernandez et al. 2003). N and P concentrations did
not vary significantly during the experiment too. In the case
of root K concentration, differences between treatments
were too small to have any physiological relevance.

It can be concluded that moderate chilling (8-7°C, night
temperature) marked the inflexion point for hardening in-
duction in these four Mediterranean evergreen species in
this experiment. Seedlings should not be lifted from the nur-
sery until they have been subjected to 260-420 hg depen-
ding on the species. The maximum level of cold hardiness
could be reached after about, 775-800 hg in Q. suber and Q.
ilex, 750 hg in O. europaea and 725 hg in P. lentiscus.
Fv/Fm measurements, coupled with a freezing test, could be
useful, quick and cheap methodology to evaluate plant cold
hardiness. Nursery managers can use these chilling require-
ments to know where to locate the nurseries (e.g. coastal/in-
land, highlands/lowlands), where to cultivate the seedlings
(e.g. outdoors/glasshouses), and when the plants can be out-
planted without any risk of frost damage (“out-planting
window of the nursery”).
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