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Introduction

Artificial shortening of photoperiod by
short-day treatment in late summer is a
common practice in forest nurseries to pro-
mote growth cessation and increase cold
hardiness (Landis et al. 1992). During the
naturally long days of summer at high Iati-
tudes, where termination of photoperiodic
lighting may not be sufficient to trigger ter-
minal bud set and initiate the hardening
phase, short-day treatment has been a rou-
tine nursery procedure for years (Landis et
al. 1992). Moreover, the popularity of
short-day treatment is associated with late-
summer and early-autumn planting at

and spring bud break of Pinus tabulaeformis

Although effects of short-day treatment and fall fertilization on seedling de-
velopment have been studied independently, their combined influences are
not well elucidated. We explored growth, nutrient concentration, and spring
bud break of Chinese pine (Pinus tabulaeformis Carr.) seedlings exposed to
two photoperiod treatments (short-day consisting of 3 weeks of 18-hr nights in
late summer and ambient day length) and three rates of fall N fertilization (O,
12 and 24 mg N per seedling). Seedlings were assessed before fall fertilization
and at the end of the growing season. Bud break timing was evaluated the fol-
lowing spring. Increased foliar P concentration concurrent with reduced root P
and K concentration occurred in short-day treated seedlings at the conclusion
of photoperiod treatment. By the end of the growing season, short-day treat-
ment resulted in greater N and P concentration in the stems, and P concentra-
tion in the foliage. It also induced smaller foliage and stem dry mass in both
stages. Fall fertilization consistently enhanced tissue N concentration, but
interaction effects with short-day treatment were generally non-significant.
Short-day treatment curtailed shoot growth, induced terminal bud set, and
hastened spring bud break (by only one day) for this mid-latitude seed source
(41° N). Thus, short-day treatment or fall fertilization each promoted an in-
creased nutrient concentration, while having only a minor effect on spring bud
break.
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these higher latitudes, where seedlings are
shipped for planting to facilitate new root
development in the warm summer soil
(Grossnickle & Folk 2003). During this pe-
riod, seedlings may be in a state of quies-
cence (vs. rest) and are vulnerable to injury
from lifting, transport, and planting (Luora-
nen et al. 2006). Thus, short-day treatment
prior to late summer- and early autumn-
planting is encouraged to promote seed-
ling dormancy and facilitate handling (Luo-
ranen et al. 2006, Landis et al. 2010).

When actively growing seedlings are
exposed to short-day treatment, they grad-
ually undergo a transition to bud set, frost
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and drought hardening, and the dormancy
phase (Landis et al. 1992). Cessation of
shoot growth, reduced plant dry mass and
a subsequent shift in allocation to root pro-
duction have been observed in short-day
treated seedlings (Bigras & D’Aoust 1993,
Colombo et al. 2003, Flgistad & Granhus
2013). This stoppage of growth due to
short-day treatment provides the opportu-
nity to enrich seedling nutrient concentra-
tion (Timmer 1996). Nutrient status is a cru-
cial determinant of seedling quality and is
consequently monitored to evaluate nurs-
ery practices (Oliet et al. 2013 and refer-
ences therein). To the best of our knowl-
edge, short-day studies have predomi-
nantly dealt with frost hardiness, seedling
size, root growth potential, needle primor-
dia, and sugar concentration (Grossnickle
et al. 1991, Luoranen et al. 2006, 2007, Tan
et al. 2008, Luoranen & Rikala 2015). There-
fore, simultaneously studying seedling nu-
trient status could help to improve our un-
derstand of how short-day treatment af-
fects seedling quality.

Fall fertilization, also referred to as au-
tumn or late-season fertilization, can pro-
mote accumulation of nutrient reserves in
seedlings (Van Den Driessche 1985) and has
long been considered a beneficial nursery
cultural practice (Villar-Salvador et al. 2012,
2015). The effect of fall fertilization on
seedling functional attributes, especially
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nutrient reserves, is dependent on nitro-
gen (N) source (Van Den Driessche 1985),
rate (Islam et al. 2009, Andivia et al. 2011),
timing (Oliet et al. 2011), application meth-
od (Boivin et al. 2004), and nutrient status
prior to fall fertilization (Li et al. 2014). If
short-day treated seedlings were kept in
the nursery and fertilized during fall in-
stead of being shipped to the field for sum-
mer planting, than this may further alter
their morphological and physiological at-
tributes. So far the combined effects of
short-day treatment and fall fertilization on
seedling quality remain unknown despite
the adoption of both these treatments in
many nurseries (Boivin et al. 2004, Luora-
nen & Rikala 2011, Zhu et al. 2013).

The speed of spring bud break is consid-
ered an indicator of seedling dormancy and
vigor (Lavender 1985). Late-spring frosts
that coincide with the sensitive phases of
spring bud break may cause damage and
therefore spring bud break has been stud-
ied intensively (Landis et al. 1992). How-
ever, it is unknown whether short-day
treatment and fall fertilization combined
accelerate spring bud break, although they
have been proven to do so individually
(Benzian et al. 1974, Flgistad & Granhus
2010).

Relative to consistent use at high lati-
tudes (> 45° N), short-day treatment is
sometimes implemented by growers in
mid-latitudes (Landis et al. 1992), where
night length is relatively long and does not
vary as much between summer and winter
(Kostopoulou et al. 2011). However, studies
conducted in mid-latitudes (30%-45° N) have
proven that short-day treatments effec-
tively altered seedling size and root growth
capacity of transplants (Jacobs et al. 2008,
Kostopoulou et al. 2011). These findings in-
dicate that short-day cultural practices can
also manipulate the quality of mid-latitude
tree species.

Chinese pine (Pinus tabulaeformis Carr.) is
a mid-latitude evergreen coniferous spe-
cies and is the most widely distributed
conifer in northern China (31°00'- 43°33'N,
103° 20’ - 124° 45’ E), with a range of aver-
age temperature from -19 to 5 °C in January
and from 13 to 25 °C in July (Xu et al. 1981).
Studies show that Chinese pine can be vul-
nerable to spring frost damage during bud
break (Yang 1990, Zhang 2015). This implies
that early spring bud break could increase
this risk, and it is important to assess the
impact of nursery practice on spring bud
break. In the present paper, Chinese pine
container seedlings were exposed to short-
day treatment and then supplemental fer-
tilization during hardening. We aimed to:
(1) examine whether there would be differ-
ences in nutrient status between natural
day and short-day treated seedlings at the
termination of photoperiod treatment; (2)
explore the effect of combined short-day
treatment and fall fertilization on seedling
size and nutrient status at the end of the
growing season; (3) investigate whether
combining short-day treatment and fall fer-
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tilization would accelerate spring bud
break.

Materials and methods

Seedling material

On 15 April 2013 (week 1), seeds from a
regional seed orchard (National Seed
Orchard for Chinese Pine, Qigou Forest
Farm, 41° 00’ N and 118° 27' E, 526 m a.s.l.)
were sown into hard plastic cells (SCio
Super, cell volume 164 ml, cell depth 21 cm
- Ray Leach “Cone-tainers”™, Stuewe &
Sons, Inc., Oregon, USA) filled with a 3:1
(v:v) mix of peat:perlite medium. Ninety-
eight cells were incorporated into a tray
(Ray Leach “Cone-tainers”™ RL98, Ray
Leach “Cone-tainers”™, Stuewe & Sons,
Inc., Oregon, USA — 30 trays and 2940
seedlings in total). The trays were then
placed on raised benches of a polyethyl-
ene-covered, ventilated greenhouse under
natural photoperiod greenhouse at the Chi-
nese Academy of Forestry Sciences in Bei-
jing (40° 40" N, 116° 14" E). From 29 April to
15 July (weeks 3-14), each seedling was fer-
tilized weekly, resulting in a total of 12
applications. N was supplied as NH,NO;
(Shanghai Research Institute of Chemical
Industry); phosphorus (P) and potassium
(K) were supplied as KH,PO, (Guangdong
Guanghua Sci-Tech Co., Ltd. China); and
chelated micronutrients as disodium ethyl-
enediamine tetraacetic acid (EDTA, Xilong
Chemical Co., China) and diethylene tri-
amine pentaacetic acid (DTPA, Jinke Fine
Chemical Institute, Tianjin). Accumulated
supplementary fertilizers were 80 mg N, 26
mg P, 33 mg K, 3 mg EDTA, and 0.9 mg
DTPA seedling”. P, K, EDTA and DTPA were
evenly split into 12 equal amounts and
applied weekly. N was delivered following
exponential functions (Ingestad & Lund
1986 as modified by Timmer & Aidelbaum
1996) according to eqgn. 1:

Ny =N,(e"-1)

where r (0.357) was the relative addition
rate required to increase N; (initial N con-
tent in seed) to final N content (N: + Ns),
and N; (80 mg) was the desired amount to
be added over the number of fertilizer
applications (t = 12). N, was determined to
be 1.12 mg seed™” from five replicates each
comprising 15 seeds at sowing. The quan-
tity of N to be applied on a specific week
(M) between 29 April and 15 July was calcu-
lated using eqn. 2:

N=N,(e"=1)-N,,

where N, is the cumulative amount of N
added up to and including the previous
application.

Each week the desired amounts of N, in
addition to P, K, EDTA, and DTPA, were dis-
solved in water to ensure that 20 ml of
solution, applied manually to each seed-
ling, delivered the target amount of nutri-
ents. Seedlings were rinsed after each

application to avoid foliar fertilizer burn.
Seedlings were watered to field capacity,
approximately twice each week (State
Forestry Administration 2013). From sow-
ing (15 April) to the conclusion of fertiliza-
tion (15 July), ambient temperature in the
greenhouse averaged 25/18 °C (day/night)
as measured at 15-min intervals with a JL-18
Series thermometer (Huayan Instrument
and Equipment Co., Shanghai, China). Nat-
ural night length in the greenhouse was 10
h 42 min on 15 April and 9 h 17 min on 15
July, calculated from geometric sunset to
geometric sunrise.

Photoperiod treatment and fall
fertilization

Short-day treatment was initiated on 22
July (week 15), when seedling height and
root collar diameter (RCD) were 9.4 + 0.28
cm and 1.80 * 0.04 mm, respectively
(means £ SE, n = 50). Half of the actively
growing seedlings (15 trays, 1470 seedlings)
were covered under a blackout frame
made of iron tubes, in which short-day
treatment was provided by extending the
night length to 18 h (from 2 pm to 8 am,
reported for mid-latitude tree species —
Kostopoulou et al. 2011) using a blackout
curtain. On 11 August (week 17), the frame
was removed after seedlings had received
the 3-week short-day treatment. The re-
maining seedlings (15 trays, 1470 seedlings)
continued to be exposed to natural day
length. During the 3-week treatment pe-
riod, all seedlings were irrigated as above,
with fertilizer withheld to hasten bud set.
For the natural day treated seedlings, bud
set (the formation of bud scales at the api-
cal shoot meristem) began on 28 July, with
all seedlings not achieving bud set until 31
August. All the short-day treated seedlings
had set terminal buds on 8 August (18 days
from the initiation of short-day treatment).
Fifteen trays from each photoperiod treat-
ment were randomly allocated to the three
fall fertilization treatments of o, 12 and 24
mg N per seedling (henceforth referred to
as oF, 12F, and 24F) between 2 September
and 7 October (weeks 21-26). The 30 trays
were arranged in a completely randomized
design with five trays each of six combina-
tions of 2 photoperiod treatment x 3 fall
fertilization in a complete 2 x 3 factorial de-
sign. Except for N, each seedling received
the same amounts of P, K and chelated
micronutrients, evenly split, for a total of
six applications between 2 September and
7 October. Cumulative supplementary P, K,
EDTA and DTPA were 13, 16.5, 1.5 and 0.45
mg, respectively.

At the conclusion of fall fertilization,
seedlings were moved outdoors from the
greenhouse to hasten hardening. On 22
November, seedlings were placed under
white plastic sheeting and stored outdoor
for the winter. Environmental parameters
during various phases of seedling culture
are shown in Tab. 1.
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Measurements

Prior to fall fertilization (1 September;
week 20), five seedlings were randomly
sampled from each tray (75 seedlings per
photoperiod treatment; 150 seedlings in
total) to evaluate growth response to pho-
toperiod. After roots were gently washed
free of growing medium, seedlings were
measured for height and RCD. Seedlings
were then separated into needles, stems,
and roots and oven-dried at 65 °C for 48 h
to determine dry mass. Then, within each
tray, each tissue fraction of the five seed-
lings was subsequently combined to a com-
posite sample, ground, sieved through a
0.25 mm screen, and wet-digested using
the H,SO,-H,O0, method. A standard Kjel-
dahl digestion with water distillation was
used to measure total N by a distillation
unit (UDK-152°, VelpScientifica, USA). Phos-
phorus concentration was determined with
a UV-visible spectrophotometer (Agilent
8453°, Germany) and K concentration was
determined with atomic emission spec-
trophotometry (VARIN AA 220° Elemental
Spectroscopy, USA).

On 18 November (week 32), five seedlings
from each tray (each photoperiod/fertiliza-
tion combination replicate) were measured
for height, RCD, dry mass, and the concen-
tration of total N, P, and K. Nutrient uptake
and morphological growth were defined as
the difference observed prior to fall fertil-
ization and after fall fertilization (at the
end of the growing season). For morpho-
logical attributes, mean values from the
same tray were used despite individual
seedling being measured.

Bud break test

On 8 March 2014, six seedlings from each
photoperiod/fertilization combination and
replication (180 seedlings in total) were
transplanted into sand-filled plastic pots
(2.6 L, 30 cm depth) in the greenhouse
under natural photoperiod. Heating re-
sulted in ambient temperatures averaging
22/20°C (day/night). Soil moisture was kept
optimal by irrigating pots with tap water
every second day.

Spring bud break was assessed daily.
Based on nine categories defined in the
study on Picea abies (L.) Karst. seedlings
(Flgistad 2002), bud status of Chinese pine
seedlings was divided into four categories:
1 = dormant buds; 2 = buds swollen, bud
scales still covering the new needles; 3 =
bud scales diverging, no elongation of nee-
dles; 4 = needles elongating and spreading.
Chinese pine seedlings that reached stage

Combined effects of short-day treatment and fall fertilization

Tab. 1 - Environmental parameters in the greenhouse for the culture of Pinus tabulae-

formis seedlings.

D Weeks after  Nursery Natural night Ambient

ate sowin ractice length temperature
s P g (°C, day/night)

Jul 22-Aug 11 15-17 SD treatment 9 h 45 min 27/24

Aug 12-Sep 1 18-20 10 h 31 min 25/22

Sep 2-Oct 7 21-26 Fall fertilization 11 h 42 min 23/19

Oct 7-Nov 24 26-32 Outdoor storage 13 h 26 min 8/6

3 were defined as having broken bud. To
calculate the number of days to spring bud
break, logistic regressions were developed
to predict the proportion of seedlings that
had reached spring bud break with number
of forcing days as the independent vari-
able. Separate regressions were estimated
for each combination of photoperiod treat-
ment and fall fertilization based on trays
(replicates), and days to 50% and 95%
spring bud break were obtained by inter-
polation.

Statistical analysis

We performed two statistical analyses
using SPSS® ver. 16.0 (IBM, Chicago, lllinois,
USA). Prior to fall fertilization (1 Septem-
ber), a t-test was used to evaluate effects
of photoperiod treatment on morphologi-
cal and nutritional attributes. A two-way
ANOVA was used to analyze effects of pho-
toperiod treatment, fall fertilization, and
their interactions on morphological growth
and nutrient uptake prior to fall fertiliza-
tion through the end of the growing sea-
son (from 1 September to 18 November),
nutrient concentration at the end of grow-
ing season (18 November), and the mean
number of days to 50 % and 95 % spring bud
break for a 2 x 3 factorial, completely ran-
domized design. Separation of means for
morphological and nutritional responses
were ranked according to Duncan’s test at
a = 0.05. The “Explore” function of SPSS
was used to examine data prior to the t-
test and ANOVA to ensure normality and
variance homogeneity requirements and
no transformations were necessary. Nutri-
ent concentration and frequencies in
spring bud break were arc-sine trans-
formed to normalize data.

Results
Morphological and nutritional

attributes after photoperiod treatment
Seedlings exposed to short-day treat-

ment showed significant reductions in
height, RCD, and dry mass of needles and
stems at the end of photoperiod treatment
compared with those grown under natural
day length (Tab. 2). There was no signifi-
cant difference, however, in root dry mass
between short-day and natural day treated
seedlings, resulting in an increased root/
shoot ratio for short-day treated seedlings
(Tab. 2). Short-day treatment enhanced P
concentration in needles (Fig. 1) and a sig-
nificant decline in K concentration in nee-
dles and roots.

Morphological and nutritional changes
during hardening

The interaction of photoperiod treatment
and fall fertilization did not significantly
affect growth increments in height (p =
0.813), RCD (p = 0.498), and tissue dry
mass (p = 0.078-0.767) from the initiation
of fall fertilization to the end of the grow-
ing season. For main effects, both pho-
toperiod treatment (p = 0.002) and fall fer-
tilization (p = 0.020) led to significant dif-
ferences in height growth increment.
Height growth increments in natural day
and short-day treatment were 0.1 and 0.9
cm, respectively, during the period. Height
growth increments were 0.2, 0.3, and 1.0
cm for oF, 12F, and 24F, respectively.
Height growth increment of 24F was
greater than oF and 12F, although there
was no difference between oF and 12F.
Average RCD growth increment was 0.62
mm and did not differ by photoperiod
treatment or fall fertilization (p = 0.125-
0.980). Accumulated dry mass in needles,
stems, and roots were 0.173, 0.106, and
0.341 g, respectively; and dry mass of these
tissues increased during hardening by 47 %,
99 %, and 325 %, respectively, though these
parameters were not influenced by pho-
toperiod treatment or fall fertilization.

Photoperiod treatment and fall fertiliza-
tion did not interact significantly to affect
tissue nutrient uptake from the initiation of

Tab. 2 - Morphological characteristics (mean * SE, n=75) and t-test P values of Pinus tabulaeformis seedlings under photoperiod
manipulation (PT) of natural day length (ND) and short-day treatment (SD) after photoperiod treatment.

PT Height RCD Dry mass (g) Root/Shoot
(cm) (mm) Needles Stems Roots
ND 12.6 + 0.8 1.96 + 0.06 0.421 + 0.034 0.124 + 0.011 0.113 £ 0.011 0.21 £ 0.01
SD 10.1 £ 0.5 1.79 + 0.05 0.315 + 0.023 0.0904 + 0.008 0.0966 + 0.008 0.24 + 0.01
P value 0.007 0.027 0.015 0.018 0.216 0.025
iForest 10: 242-249 244
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Tissues

fall fertilization to the end of the growing
season (p = 0.147-0.704). Short-day treat-
ment did not enhance N uptake in any tis-
sues compared with the natural day length
but did significantly increase P uptake in
stems and roots, as well as stem K uptake
(Fig. 2). Tissue N uptake consistently in-
creased with increasing fall-applied N rates.
Although all seedlings received the same
amounts of P and K fertilizers during fall,
seedlings with fall-applied N exhibited in-
creased uptake in P and K compared to
those without fall-applied N, particularly
for P in needles and roots, and K in needles
and stems.

Morphological and nutritional
attributes at the end of the growing
season

At the end of the growing season, pho-
toperiod treatment and fall fertilization did
not interact significantly to affect tissue
dry mass (p = 0.080 - 0.739) or nutrient
concentration (p = 0.071 - 0.847). Short-day
treated seedlings had less dry mass in nee-
dles and stems, while fall fertilization rates,
applied across the trial, did not affect
seedling dry mass (Fig. 3). Dry mass and
nutrient concentration in roots was not
influenced by photoperiod treatment (Fig.
3 and Fig. 4). Short-day treated seedlings
exhibited greater N concentrations in
stems, and P concentrations in needles and
stems (Fig. 4). Tissue N concentration con-
sistently increased with increasing rates of
applied N. Although all seedlings received

Fig. 2 - Nitrogen (N), phosphorus (P), and
potassium (K) content (mean + SE) incre-
ments prior to fall fertilization through the
end of the growing season in tissues of
Pinus tabulaeformis seedlings treated by
photoperiod treatment (ND: natural day
length; SD: short-day; n=15; left) and nurs-
ery fall fertilization (oF, 12F, 24F: o, 12, and
24 mg N/seedlings, respectively; n=10;
right). Different letters above the bars
within tissues indicate statistically signifi-
cant differences according to Duncan’s test
at the 5% level. P values from the ANOVA for
main effects of photoperiod treatment and
fall fertilization were provided due to lack
of significant interactions.

iForest 10: 242-249



Fig. 3 - Tissue dry mass of Pinus tabulae-
formis seedlings in relation to photope-
riod treatment (ND: natural day length;
SD: short-day; n=15; left) and nursery
fall fertilization (oF, 12F, 24F: 0, 12, and
24 mg N/seedlings, respectively; n=10;
right) at the end of the growing sea-
son. Different letters above the bars
within tissues indicate statistically sig-
nificant differences according to Dun-
can’s test at the 5 % level. P values from
the ANOVA for main effects of pho-
toperiod treatment and fall fertilization
were provided due to lack of significant
interactions.

Fig. 4 - Total nitrogen (N), phosphorus
(P), and potassium (K) concentration
(mean + SE) in tissues of Pinus tabulae-
formis container seedling in relation to
photoperiod treatment (ND: natural
day length; SD: short-day; n=15; left)
and nursery fall fertilization (oF, 12F,
24F: 0, 12, and 24 mg N/seedlings,
respectively; n=10; right) at the end of
the growing season. Different letters
above the bars within tissues indicate
statistically significant differences
according to Duncan’s test at the 5%
level. P values from the ANOVA for
main effects of photoperiod treatment
and fall fertilization were provided due
to lack of significant interactions.

the same amounts of P and K fertilizers (39
mg P and 49.5 mg K per seedling), the
highest N rate benefited root P concentra-
tion but adversely affected root K concen-
tration.

Spring bud break

Seedlings treated with short-day treat-
ment had a slightly earlier spring bud break
(Tab. 3, Fig. 5) with numbers of days to
reach 50 % and 95 % bud break being 1.5
days and 1.1 days earlier, respectively, than
seedlings that were grown under natural
day length. Fall fertilization and its interac-
tion with short-day treatment did not
affect spring bud break (Tab. 3, Fig. 5).

iForest 10: 242-249
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Tab. 3 - Numbers of days to 50% and 95% bud break in relation to photoperiod treat-
ment (ND: natural day length; SD: short-day) and fall fertilization (oF, 12F, 24F: o, 12,
and 24 mg N/seedlings, respectively) when Chinese pine seedlings were transplanted
into sand-filled pots and cultivated in a heating-controlled greenhouse in the follow-

ing spring.
G 50% of bud break 95% of bud break
roup Treatment
(days) (days)
Photoperiod treatment ND 8.3 10.2
(PT) SD 6.8 9.1
P value 0.001 0.019
Fall fertilization OF 7.6 9.7
(FF) 12F 7.6 9.8
24F 7.5 9.5
P value 0.89%4 0.784
PTxFF P value 0.701 0.561
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Fig. 5- Accumu-
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photoperiod treat- @
ment (ND: natural E 40 -
day length; SD:  mm
short-day) and fall =
fertilization (oF, R 20 1
12F, 24F: 0, 12, and
24 mg N/seedlings, 0
respectively). Pinus . . ' ' .
tabulaeformis
seedlings were 0 2 4 6 8 10 12
recorded as bud 83 103 123 14/3 16/3 183 20/3

break when bud
scales had diverged
but needles had
not elongated.

Discussion

Effect of photoperiod treatment on
nutrient status

Reduced shoot dry mass in short-day
treated seedlings has been observed in
other studies (Bigras & D’Aoust 1993, Co-
lombo et al. 2003, Flgistad & Granhus
2013). Additionally, short-day treatment
affected Chinese pine seedling nutrient sta-
tus, promoting an increase in needle P con-
centration but a decrease in needle and
root K concentration. In contrast, short-
day treatment had little influence on foliar
nutrient concentration of Picea abies seed-
lings (Flgistad 2002). Previous studies have
shown that field performance is related to
P concentration (Reich & Schoettle 1988)
and tissue K concentration (Andivia et al.
2011). Thus, differentiated nutrient concen-
tration among tissues for short-day treated
seedlings may affect field performance of
summer-planted seedlings. This warrants
future study.

Combined effects of photoperiod
treatment and fall fertilization on
seedling status

During hardening, plants continue to
assimilate and allocate carbon despite ces-
sation of shoot growth (Miller & Timmer
1997). This was confirmed by the increased
tissue dry mass (47%-325%) of Chinese pine
seedlings from the end of photoperiod
treatment to the end of the growing sea-
son in our study. Substantial growth in dry
mass caused decreased tissue nutrient con-
centration of Chinese pine seedlings at the
end of the growing season, which was
attributed to nutrient dilution (Sung et al.
1997, Miller & Timmer 1997, Boivin et al.
2004). Interestingly, we found that greater
nutrient concentration of natural day
treated seedlings at the end of photope-
riod treatment vanished at the end of the
growing season. Stem N and P concentra-
tion even increased for short-day treated

247

Days after transplanting
(dates indicated)

seedlings relative to natural day treated
seedlings at the end of the growing sea-
son. This response demonstrated that
seedling developmental phases should be
considered when assessing nutrient con-
centration changes due to shortening pho-
toperiod. At the end of the growing sea-
son, short-day treated seedlings generally
exhibited increased shoot nutrient concen-
tration (stem N, P in needles and stems)
and reduced shoot dry mass (needles and
stems), indicating that the effect of short-
day treatment on seedlings was tissue-spe-
cific.

Needle N concentration (1.7%) from 8o
mg N per seedling treatment (oF) fell
within the general recommended foliar N
range 1.4%2.2% (Landis et al. 1989).
Increased needle N concentration by addi-
tional N fertilization during hardening was
observed in Chinese pine as well as other
coniferous tree seedlings (Sung et al. 1997,
Irwin et al. 1998, Jonsdottir et al. 2013). Chi-
nese pine foliage N concentration (2.0%
and 2.2%) resulting from fall fertilization fell
into adequate level according to the crite-
ria (22.0%) by Daniels & Simpson (1990) but
did not indicate luxury consumption based
on the definition (>2.5%) by Dumroese
(2003). Simultaneously, enhanced stem
and root N concentration was found in fall
fertilized seedlings of Chinese pine and
other Pinus spp. (Sung et al. 1997, Irwin et
al. 1998, Islam et al. 2009).

The greatest fall-applied N (24F) favored
P concentration but decreased K concen-
tration in roots, although all seedlings
received the same amounts of P and K fer-
tilizers during fall. Previous studies also
showed that supplemental N during fall
enhanced P concentration in roots of Pinus
elliottii var. elliottii (Engelm.) (Irwin et al.
1998) even though P and K fertilizers were
not added. Conversely, tissue P and K con-
centration was not affected by fall applied
N fertilizer in Pinus taeda L. (Sung et al.

1997).

Relation of photoperiod treatment and
fall fertilization to spring bud break

Short-day treatment resulted in a slight
advancement of spring bud break, in accor-
dance with most studies (Bigras & D’Aoust
1993, Konttinen et al. 2003, Flgistad &
Granhus 2010), but in contrast to Flgistad’s
study (2002) that indicated that no signifi-
cant differences between short-day and
natural day treated seedlings. The differ-
ence in number of days to 50 % spring bud
break between short-day and natural day
seedlings was less than two days for Chi-
nese pine in our study, far less than that
reported for Picea abies seedlings (4-6 days
- Flgistad & Granhus 2010), even though
both species were transplanted into con-
trolled environments. These results may be
linked to differences in latitudes between
species seed sources. Number of days to
50 % spring bud break in our Chinese pine
(6.8-8.3 days) was much less than in Picea
abies (18.1-23.1 days - Flgistad 2002, Flgis-
tad & Granhus 2010). The ratio of acceler-
ated days to total spring bud break days in
natural day conditions (i.e., relatively accel-
erated days of spring bud break) should
therefore be considered to compare spring
bud break among tree species. Earlier
spring bud break can result in satisfactory
field performance (Flgistad & Granhus
2010), but late-spring frost that coincides
with the sensitive phase of spring bud
break and shoot elongation is of concern,
especially at high latitudes (Landis et al.
2010). Under natural conditions, relatively
low and diurnally fluctuating temperature
might have delayed bud break further than
was observed in our study. Thus, spring
bud break should be monitored under nat-
ural conditions in future research in order
to ensure operational and biological rele-
vance for Chinese pine.

In contrast to other studies (Benzian et
al. 1974, Van Den Driessche 1985), superior
nutrient storage by fall fertilization failed
to accelerate spring bud break in the
present study. This might be attributed to
the relatively quick spring bud break (11
days after transplanting) of Chinese pine
and the role of fall fertilization might not
be observable in such a short period of
time.

Photoperiod treatment and fall
fertilization effects on height growth
increment

At the end of photoperiod treatment,
short-day treatment decreased height of
Chinese pine, as also demonstrated in Pi-
cea abies, and Pseudotsuga menziesii var.
menziesii (Mirb.) Franco (Luoranen et al.
2007, Jacobs et al. 2008, Flgistad & Gran-
hus 2010). In our study, when seedlings
were further reared in the nursery after
short-day treatment and re-exposed to nat-
ural night length, short-day treated seed-
lings had greater height growth increment
(0.9 cm) relative to natural day (0.1 cm).
The fact that a second flush did not appear
indicated that these differences in height
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growth increment might be attributed to
larger expansion of the terminal bud (i.e.,
apical meristematic activity — Taiz & Zeiger
2010) or to greater intercalary growth of
the internodes (i.e., intercalary meristem-
atic activity — Xiong et al. 1980) for short-
day treated seedlings. Thus, measuring
both terminal bud length and shoot length
(from ground line to the base of the termi-
nal bud) is recommended in future re-
search to clarify the relation between
height growth increment and short-day
treatment. By the end of growing season,
however, height growth increment was
minor relative to total height (natural day
12.7 cm, short-day 11.0 cm).

We observed that fall fertilization did not
lead to a second bud flush; avoiding au-
tumn bud flush is preferred for nursery
management (Flgistad & Granhus 2013).
Simultaneously, greater height growth in-
crement was detected at the high N rate,
similar to findings with Pinus resinosa Ait.
(Islam et al. 2009) and Larix olgensis (Li et
al. 2012), but in contrast to Pinus elliottii
var. elliottii and Pinus taeda in which
heights were not affected by fall fertiliza-
tion (Sung et al. 1997, Irwin et al. 1998, Van-
derSchaaf & McNabb 2004). Islam et al.
(2009) seedlings demonstrated that fall
fertilization of Pinus resinosa resulted in a
swollen terminal bud (i.e., 9 mm vs. 18 mm
for non-fertilized and fertilized seedlings,
respectively).

Caveats and limitations

Similar to other studies of photoperiod
manipulation and fall fertilization, we did
not examine treatment effects on seedling
non-structural carbohydrate (NSC) accu-
mulation. This has potential to affect seed-
ling field survival and stress resistance
(Landhausser et al. 2012, Villar-Salvador et
al. 2015). Future studies should be de-
signed to examine effects of these nursery
cultural treatments alone and in combina-
tion as a means to optimize loading of both
nutrients and NSC in seedlings, especially
when targeted for harsh outplanting sites
(Jacobs et al. 2015, Villar-Salvador et al.
2015). Finally, implementation of short-day
treatments in the nursery has potential to
affect environmental variables beyond
photoperiod, which may create experimen-
tal confounding. For example, the blackout
curtains used in our study might raise day/
night temperatures relative to natural day
length. While logistically difficult to con-
trol, these effects should be monitored
and minimized whenever possible to en-
sure impartial evaluation of treatment
effects.

Conclusions

Similar to findings in other forest tree
species, a three-week short-day treatment
initiated in late July effectively ceased
shoot growth, induced bud set, and
reduced shoot dry mass of Chinese pine. At
the end of photoperiod treatment, short-
day treatment increased foliar P concentra-
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tion but decreased foliar and root K con-
centration. Conversely, enhanced stem N
and P concentration, and foliage P concen-
tration consistently occurred in short-day
treated seedlings at the end of the grow-
ing season. Variable responses indicated
that effects of short-day treatment on
nutrient concentration might be linked to
seedling developmental phases. Fall ap-
plied N was a useful tool for enhancing Chi-
nese pine tissue N and root P concentra-
tion, but the combination of short-day
treatment and fall fertilization did not yield
interact to effect nutrient storage dynam-
ics. Short-day treatment rather than fall
fertilization advanced spring bud break,
though this effect was of little biological
significance. Our results suggest that short-
day treated seedlings, characterized by rel-
atively low shoot:root yet high shoot N and
P concentration, would be advantageous
for outplanting on drought-prone sites.
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