Tree Physiology 30, 264-274
doi:10.1093/treephys/tpp110

Bud dormancy release in elm (Ulmus spp.) clones—a case study of
photoperiod and temperature responses
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Summary Dormancy release as influenced by duration of
outdoor winter chilling in Florence (Italy) was studied under
different photoperiodic and temperature treatments in collect-
ed twigs of two European (Ulmus glabra Huds. and Ulmus
minor Mill.) and four Asian (Ulmus pumila L., Ulmus parvi-
folia Jacq., Ulmus macrocarpa Hance and Ulmus villosa
Brandis) elm clones. Photoperiod had no effect on dormancy
release, and there was no evidence that photoperiod affected
bud burst during quiescence in the studied elm clones. Ther-
mal time (day degrees >0 °C) to bud burst decreased in all the
clones with increasing outdoor chilling. Although all the
clones exhibited a rather weak dormancy, they significantly
differed from each other. Dormancy was released earlier in
the Asian than in the European clones, and the clones could
be ranked from the U. pumila clone (very weak and short dor-
mancy) to the U. minor clone (relatively stronger and longer
dormancy), the other clones being intermediate. In all the
clones except U. minor, the observed decrement in thermal
time to bud burst was efficiently explained as an inverse ex-
ponential function of the number of chill days <5 °C received
outdoor in autumn and winter. Endodormancy, as measured
by the single-node cuttings test, was weak and short in all
the clones. The latter result suggests that correlative inhibi-
tions were largely responsible for preventing bud burst during
winter in these elm clones.

Keywords: bud burst, bud rest, chilling requirement, day
length, thermal time.

Introduction

The genus Ulmus L. includes trees growing in the temper-
ate and sub-tropical regions of the Northern Hemisphere.

Eight species are endemic to North America, three species
to Europe, and the major part is native to Asia (Brummitt
1992). Elms were among the most widely used ornamental
trees in Europe and North America until Dutch elm disease
(DED), perhaps the single most destructive disease to attack
forest trees, devastated their populations in the twentieth cen-
tury (Dunn 2000).

There is considerable variation in resistance to DED
among elm species. Generally, European and American spe-
cies are highly susceptible to DED, whereas Asian species
are highly to moderately resistant. Besides, susceptibility to
DED displays strong seasonal variation both in susceptible
and resistant species. The time of highest susceptibility and
the duration of the period during which elms can become in-
fected and express DED symptoms vary greatly among spe-
cies, provenances and environmental conditions (Banfield
1941, Kais et al. 1962, Smalley 1963, Tchernoff 1965, Smal-
ley and Kais 1966). The reasons for this phenomenon are not
well understood, but according to the few studies which cor-
related DED susceptibility with the host’s rhythm of seasonal
morphogenesis, the seasonal variation in disease develop-
ment depends on the pattern of longitudinal and radial growth
including the timing of bud burst and reactivation of cambial
activity (Pomerleau 1966, Neely 1968, Takai and Kondo
1989, Santini et al. 2005, Solla et al. 2005, Ghelardini et al.
unpublished data). A significant relationship between timing
of bud burst and DED susceptibility has been reported for
the European field elm (Ulmus minor Mill.) (Santini et al.
2005), suggesting that variations in the host spring phenolo-
gy may lead to disease escape through asynchrony between
the period of DED susceptibility of the host and the phase of
disease transmission of the insect vector. Despite its putative
importance for the disease development, very little is known
about the environmental control of bud burst and resumption
of vegetative growth in elms, and additional information on

© The Author 2009. Published by Oxford University Press. All rights reserved.

For Permissions, please email: journals.permissions@oxfordjournals.org

zz0oz Ainr 1L uo 1senb Aq 0082962/792/2/0¢/21o1e/sAydesil/woo dnoolwapeoe//:sdiy woly pepeojumoq
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the subject would be desirable for DED research and breed-
ing purposes (Ghelardini 2007, Ghelardini and Santini
2009).

Timing of bud burst is triggered by environmental factors,
mainly winter chilling and spring temperature. These signals
have synergistic effects on bud burst by releasing dormancy
and promoting bud development, respectively (Kozlowsky
and Pallardy 1997). In some species, light conditions (photo-
period and light spectral composition) may be an additional
trigger of bud burst (Heide 19935, Partanen et al. 1998, Lin-
kosalo and Lechowicz 2006). Bud dormancy is a temporary
suspension of growth controlled by correlative and environ-
mental factors (Howarth et al. 2003). During the non-growing
season, there is a gradual transition from correlative inhibi-
tion of bud growth (paradormancy), which is determined
by other buds and tissues, to deep dormancy of the bud itself
(endodormancy) and then to restriction of bud growth by en-
vironmental factors (ecodormancy or quiescence) (Lang et al.
1987). Although endodormancy and paradormancy both in-
hibit growth, they can be distinguished experimentally by
comparing bud burst of whole shoots and isolated nodal cut-
tings under favourable controlled conditions, the so-called
‘single node cuttings test’ (Crabbé and Barnola 1996, White
et al. 1999, Mazzitelli et al. 2007).

It has long been known that dormancy release depends on
sufficient exposure to cold temperatures (chilling require-
ment). Temperatures between 0 and 15 °C are effective for
breaking dormancy, with the optimum generally around 5 °C
(Perry 1971). Subsequent bud burst depends on sufficient ex-
posure to warm temperatures over a specific threshold (ther-
mal time requirement) to resume growth (Perry 1971). In
many trees, the thermal time required for bud burst decreases
with increasing chilling until a level at which the chilling re-
quirement is fully met (Cannell and Smith 1983, Murray et al.
1989). A rapid decrease in thermal time typically occurs dur-
ing the early stages of dormancy release, whereas a slow de-
crease characterizes the final stages of the process. Besides
chilling, light conditions affect dormancy release in some
species. Long photoperiod may release dormancy and pro-
mote bud burst in pre-dormancy and post-dormancy phases
(Wareing 1953, Falusi and Calamassi 1990, Heide 19935,
Linkosalo and Lechowicz 2006). Moreover, in many trees
the effect of chilling can be partly replaced by a long photo-
period when the chilling requirement is not satisfied (Downs
and Borthwick 1956, Farmer 1968, Falusi and Calamassi
1996, Heide 1993a, Myking and Heide 1995, Myking
1997). This compensation manifests itself in a reduction of
the thermal time requirement in partially chilled buds sub-
jected to long photoperiods but not in unchilled or fully
chilled ones.

Knowledge on dormancy is scarce in the genus Ulmus,
and direct evidence from controlled conditions experiments
is available only for the American elm (Ulmus americana
L.). Dormancy release in U. americana seedlings is mainly
due to chilling, with a weak compensating effect by long
photoperiod when chilling is short (less than 60 days below

5 °C; Roberts and Main 1965). Some indirect evidence
about dormancy in European elms can be drawn from phe-
nological studies in field conditions. On the basis of a mod-
elling analysis of open field phenological data, European
elms (Ulmus glabra Huds, Ulmus laevis Pall. and U. minor)
have been classified as species with low chilling requirement
for dormancy release (Santini et al. 2004, Ghelardini et al.
2006). Other modelling analyses of phenological data series
have found chilling to have little or no effect in explaining
the observed variation in bud burst date in European (Sparks
and Carey 1995, Chuine et al. 1999) and American (Chuine
et al. 2000) elm species. However, inferences on dormancy
based on modelling analysis of open field data should be
confirmed by experiments in controlled environment (Saxe
et al. 2001).

Hence, there are two main reasons to study the control of
dormancy release and growth resumption in selected elm
clones commonly used in breeding against DED: (i) to char-
acterize clones of interest for programming controlled envi-
ronment studies of the dependence of DED susceptibility on
timing of phenological events such as release of endodor-
mancy and onset of ecodormancy in the prospect of a possi-
ble exploitation of this disease escape mechanism to breed
DED-resistant elm clones; (ii) to define the environmental
factors to be considered in order to develop process-based
phenological models to predict the bud burst phenology of
these clones under variable environmental conditions.

For these purposes, we tested the effect of photoperiod and
temperature on dormancy release in clones of two European
(U. minor and U. glabra) and four Asian (Ulmus pumila L.,
Ulmus parvifolia Jacq., Ulmus villosa Brandis and Ulmus
macrocarpa Hance) elm species, which are currently used
in the research on mechanisms of DED resistance and in
the breeding of DED-resistant elms (Dunn 2000, Santini et
al. 2008). Excised twigs from field-growing trees were sub-
jected to different photoperiod and temperature treatments af-
ter various durations of outdoor chilling during 2 years.
Intensity and duration of endodormancy were also investigat-
ed by means of single-node cuttings. A phenological model
that had previously proved efficient to explain the observed
variation in the bud burst date of European elms in field con-
ditions (Santini et al. 2004) was fitted to the data in order to
verify its validity under controlled conditions in these clones
of interest.

Besides the above-mentioned specific objectives, the study
of these clones will contribute new, although circumscribed,
knowledge on dormancy in Ulmus, a genus that has been
very little investigated so far. However, since significant var-
iation among and within population and geographical varia-
tion patterns have been shown in bud burst timing both in
European and Asian elm species (Santini et al. 2005, Ghelar-
dini et al. 2006, Geng 1989), and the clones included in this
study have been sampled from a rather restricted latitudinal
range with only one clone representing each species, differ-
ences among species could not be tested herein, and the re-
sults cannot be generalized.
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Table 1. Geographic origin of the elm (Ulmus spp.) clones in the experiments.

Species Clone Geographic origin Latitude Longitude
Ulmus glabra Huds. CNRO055% Trentino Alto Adige, Northern Italy ~ 46°37' N 11°07" E
Ulmus macrocarpa Hance ~ UMO001° Horqin Left Wing Rear Banner, 42°45' N 122°15' E
Northern China
Ulmus minor Mill. CNR118° Emilia Romagna, Central Italy 44°52' N 10°58" E
Ulmus parvifolia Jacq. ‘Dinasty’ (Santamour 1984) US National Korea Unknown  Unknown
Arboretum Accession no: 36 533
Ulmus pumila L. S015° Volgograd Province, Russia 48°40’ N 44°39" E
Ulmus villosa Brandis Hilliers Arboretum Accession no: Sundarnagar Forest Division, 31°15' N 76°11" E

1989.2869

Himachal Pradesh, India

talian National Research Council (CNR) code.

®International code adopted in the EU-project RESGEN CT96-98 ‘Coordination for conservation, characterization, collection and utilization of

the genetic resources of European elms’.
Materials and methods

Plant material and collection site

Plant material for all the experiments was sampled from four
healthy, field-growing trees of the U. glabra, U. macrocarpa,
U. minor, U. parvifolia, U. pumila and U. villosa clones
listed in Table 1. The trees, obtained by rooted cuttings from
adult trees about 20 years earlier, were growing in Florence
(Ttaly, 43°43’ N, 11°22" E, 170 m a.s.l., climate zone IV, ac-
cording to Walter and Lieth 1960) in the elm clone collection
of the Institute for Plant Protection-Italian National Research
Council (CNR). Air temperature at the collection site was re-
corded hourly by means of a normal meteorological station 2
m aboveground. Monthly mean temperatures in the two sea-
sons of study are reported in Figure 1.

Experimental design

Two growth chamber experiments were carried out at the De-
partment of Plant Biology of the University of Florence. In
both experiments, 1-year-old twigs, 40—80 cm long and bear-
ing 15-30 buds each, chilled under natural conditions, were
collected monthly from October 15 to March 15 and sub-
jected to either two photoperiod (Experiment 1) or two tem-
perature (Experiment 2) treatments. In Experiment 2, single-
node cuttings were studied in addition to whole twigs in order
to distinguish, by comparing experimental units, dormancy of
the bud itself and short-distance influences of the adjacent
stem tissues (sensu Crabbé (1994), i.e., communication
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Figure 1. Mean monthly temperature (A) and number of chill days
(with mean temperature <5 °C) (B) at the collection site in Florence
(Italy, 43°43’ N, 11°22’ E) during autumn and winter 2002-2003
(Experiment 1, thick line) and 2003—2004 (Experiment 2, thin line).

blocks between the bud and the adjacent stem tissues) from
correlative inhibitions (Crabbé and Barnola 1996). Forty-five
(Experiment 1) and 30 twigs (either whole twigs or single
nodes, Experiment 2) were used per clone and treatment.
Twigs and single-node cuttings were cultured on polystyrene
boards floating in deionized water. The bases of the twigs
were weekly re-cut by a sharp blade in order to prevent vessel
occlusion. The upper cut surfaces of single-node cuttings
were dipped in paraffin to reduce water loss. Relative humid-
ity inside the growth chambers was maintained at 75-80% to
avoid desiccation.

Experiment 1—photoperiod treatments

During the winter season 2002—03 on each intake date, three
replicate groups of 15 twigs of the U. glabra, U. macrocarpa,
U. minor, U. parvifolia, U. pumila and U. villosa clones
listed in Table 1 were randomly assigned to two walk-in
growth chambers maintained at constant 21 = 0.5 °C temper-
ature, under 16 or 8 h photoperiod. A total 1010 buds on av-
erage per clone per treatment were observed. Lighting was
provided by high-pressure mercury lamps and incandescent
lamps (about 215 + 0.05 pmol m % s~ ' photosynthetic active
radiance (PAR)). In the 16-h treatment, day length was ex-
tended by low-intensity light from only the incandescent
lamps (about 3 + 0.05 umol m > s~ ' PAR).

Experiment 2—temperature treatments

During the winter season 2003—04 on each intake date, three
replicate groups of 10 twigs and five replicate groups of 50
single-node cuttings of the U. minor, U. parvifolia, U. pumila
and U. villosa clones (Table 1) were randomly assigned to
two walk-in growth chambers maintained at either 14 £ 0.5
or 26 = 0.5 °C to promote bud burst. A total 925 buds on
average per clone per treatment were observed. Light condi-
tions were as in the 16-h treatment of Experiment 1.

Assessment of bud burst and statistical analyses

In both experiments, all the buds were scored for bud burst
every other day until the end of the growth chamber treat-
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ments, which were terminated after accumulation of 1050 day
degrees (dd) >0 °C, i.e., after 50, 40 and 75 days at 21 (Ex-
periment 1), 26 and 14 °C (Experiment 2), respectively. Bud
burst was defined as Stage 3 according to Murray et al.
(1989) phenological scale: 1 = slightly swollen; 2 = swollen;
3 = green foliage showing; 4 = elongating. Individual twigs
were recorded as flushing on the average bud burst date
among all their buds. Percentage bud burst (PB) and thermal
time (TT) to bud burst (dd > 0 °C) were calculated for each
treatment in both experiments. Twigs that did not flush by the
end of the observation period were recorded as flushing after
receiving 1050 dd > 0 °C for the purpose of the statistical
analyses with TT as dependent variable. PB and TT were sub-
jected to factorial analyses of variance (ANOVA), with intake
date (/) and photoperiod (P) (Experiment 1, Egs. (1) and (2))
or temperature (7) (Experiment 2, Egs. (3) and (4)) and their
interaction as fixed effects, according to the following linear
models. Whole twigs data and single-node cuttings data were
subjected to separate ANOVAs in Experiment 2. In order to
meet ANOVA assumptions for distribution normality and ho-
mogeneity of variance, the arcsine transformation of percent-
age bud burst was performed (Zar 1999).

arcsiny/PB;=m+Pi+ [+ (P x I); +e¢; (1)
TT,-j-:u+P,-+lj-+(P><I)i].+e,-,— (2)
arcsin\/ﬁy-=m+7}+lj+(T><l)ij+e,j (3)
TTy=p+Tit [+ (T x1);+ey (4)

In Egs. (1) and (2), PB;; is the percentage of bud burst, and
TT;; is the thermal time to bud burst under photoperiod i of
the twigs sampled on intake date j, P; is fixed effect of pho-
toperiod i (i =8 or 16 h), I is the fixed effect of intake date j (j =
15 October 2002, 15 November 2002, 15 December 2002,
15 January 2003, 15 February 2003 or 15 March 2003), P x
I is the fixed effect of the interaction between photoperiod
and intake date. In Egs. (3) and (4), PB;; is the percentage
of bud burst, and TTj; is the thermal time to bud burst under
temperature i of the plant material sampled on intake date j, T;
is fixed effect of temperature i (i = 14 or 26 °C), [ is the fixed
effect of intake date j (j = 15 October 2003, 15 November
2003, 15 December 2003, 15 January 2004, 15 February
2004 or 15 March 2004), T x [ is the fixed effect of the in-
teraction between temperature and intake date. In all equa-
tions, e;; is the random residual.

The inverse exponential model developed by Cannell and
Smith (1983) to describe the variation in thermal time as a
function of previous chilling (Eq. 5) was fitted to data of Ex-
periment 1.

TT =a+ be"P) (5)

In Eq. (5), CD is the number of chill days with mean tem-
perature <5 °C received outdoor from 1 October 2002 to the
intake date (Figure 1); a, b and r are the model parameters.
The parameter » measures the rate at which thermal time de-
creases when the number of chill days increases: the higher
the r absolute value, the faster the decrement. At CD = 0, the
expected value of the temperature sum equals a + b, whereas
it tends to the asymptotic value a as CD tends to infinity
when there is no further effect of increased chilling.

The point where the required thermal time to bud burst be-
comes less than 5% higher than the minimum thermal time
(Eq. 6) was used as an arbitrary estimate of chilling require-
ment for dormancy release in each clone (Hannerz et al. 2003).

CD =|r|-1(Inb—In0.05a) (6)

Statistical analyses and curve fitting were performed with
Statistica 6.0 (StatSoft Inc. 1984-2004).

Results

Experiment 1—effect of photoperiod during dormancy
release

Photoperiod had no significant effect in any clone at any in-
take date on PB and TT (Table 2, Figure 2). In all clones, PB
increased, and TT decreased with consecutive dates (signifi-
cant intake date effect). Bud burst was strongly inhibited in
mid-October and mid-November. No or sporadic bud burst
was observed at the first two intakes except for the U. pumila
clone (20-30% bud burst), which exhibited a shallower dor-
mancy (Figure 2A—F) than the other clones. Growth inhibi-
tion was alleviated earlier in the Asian than in the European
clones, although there was variation within each group. PB
(Figure 2A—F) increased rapidly in the Asian clones, exceed-
ing 50% from mid-December (U. pumila) to mid-January (U.
parvifolia, U. macrocarpa, U. villosa) and becoming steady
later on (no significant difference among intake dates). In the
European clones, PB started to significantly increase only in
mid-January (U. glabra) to mid-February (U. minor), reached
50% in mid-February and continued to increase until the end
of the experiment. TT followed a similar pattern over time
with the first sharp decline earlier in the Asian (especially
U. pumila) than in the European (especially U. minor) clones
(Figure 2G-L).

The observed variation in TT to bud burst was efficiently
explained as an inverse exponential function of the number of
chill days <5 °C received outdoor in autumn and winter (Eq.
5) in all clones (explained variance >80%, Table 3) except U.
minor, for which the TT did not tend to stabilize within the
observed chilling range. Results of the curve fitting are
shown in Figure 3. TT decreased especially fast and tended
to become steady, i.e., to reach an asymptotic value, after
short chilling in the U. pumila clone and similarly, although
at a slightly lower rate, in the U. parvifolia and U. macrocar-
pa clones. TT decrease was slower in the U. villosa and slow-
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Table 2. F-ratio values of the two-way ANOVA for percentage bud burst (PB, data angle transformed) and thermal time (TT, accumulated day degrees >0 °C) in 1-year-old twigs (Experiments 1 and 2)

and single-node cuttings (Experiment 2) of elm clones (Table 1) collected on six intake dates (/) from 15 October to 15 March and subjected to 21 °C and photoperiods (P) of either 8 or 16

h (Experiment 1) or to 16 h and temperatures (7) of either 14 or 26 °C (Experiment 2).

U. macrocarpa

U. villosa U. glabra

U. minor

U. parvifolia

(df1, df2) U. pumila

Effect

TT

PB

TT

PB

TT

PB

TT

PB

TT

PB

TT

PB

Experiment 1 whole twigs

1023.2%**
0.01 ns

0.1 ns

1397.3%**
0.1 ns

158.5%%*
0.2 ns

295.0%**

225 3%%*
0.1 ns

135.9%%**
0.01 ns

125.8%**
0.1 ns

1023.2%%*
0.01 ns

894 7H**
1.1 ns

0.3 ns

138.8%**
0.1 ns

125.1%%*

0.3 ns

(5, 24)
(1, 24)
(5, 24)

I

0.01 ns

P

0.2 ns

0.3 ns 0.1 ns 0.6 ns 0.2 ns 0.2 ns 0.3 ns 0.1 ns

0.2 ns

0.2 ns

0.5 ns

IxP

Experiment 2 whole twigs

280.4%**

119.42%%** 469.95%** 272.86%**
93.88%**

19.51%**

(5, 24) 83.6%** 2034.4*** 493.2%** 434.61%**

(1, 24)
5, 24)

I

508.8%**

219.22%**
41.57%**

31 %% 2033.0%*** 13.0%* 352.38%*x*
81.01%**

T

109.6%***

9.5 %%

7.59%*x*

26.6%**

435.3%**

IxT

Experiment 2 single-node cuttings

(5, 48) 46.9%** 90.9%** 64.8%%* 118.5%** 118.3%%* 397.7#%* 112.8%%* 242.0%**
95.5%** 45.0%** 149.8%**

(1, 48)
(5, 48)

GHELARDINI ET AL.

409.4***

208.9%**

64.8%**

106.9%**

57.1%%*

T

54.0%** 64.8%** 46.2%%* 45.3%** 79.2%** 60.1%** 134.6%**

46.9%**

IxT

**P < (.01 significance level, ***P < 0.001 significance level, and ns = non-significant.

est in the U. glabra clone. Chilling requirement, as estimated
according to Eq. (6), i.e., as the point where the required TT
becomes less than 5% higher than the minimum TT, was low-
est for U. pumila, followed by U. parvifolia, U. macrocarpa,
U. villosa and U. glabra (Table 3).

Experiment 2—effect of forcing temperature during
dormancy release

Both in single-node cuttings and whole twigs of all clones,
PB increased and TT decreased with successive intake dates
(significant intake date effect), PB was higher and TT lower
under 26 °C compared to 14 °C (significant temperature ef-
fect), and differences between forcing temperatures dimin-
ished with successive intakes so that towards the end of the
experiment bud burst was promoted at 14 °C as well as at 26 °C
(significant temperature x intake date interaction) (Table 2,
Figure 4).

In whole twigs of all the clones, growth inhibition was
strongest in mid-October, although shallower in U. pumila
than in the other clones, and it was alleviated faster in the
Asian than in the European ones (Figure 4) consistently with
results of Experiment 1 (Figure 2). PB started to increase, and
TT to decrease, by mid-November in U. pumila and 1 month
(U. parvifolia, U. villosa) to 2 months (U. minor) later in the
other clones. In the U. minor clone, however, the first strong
reduction in growth inhibition occurred 1 month earlier (mid-
January) than in Experiment 1 (mid-February, Figure 2).
Forcing at 26 °C enhanced bud burst compared to 14 °C,
but the effect was observed only at the beginning of the ex-
periment. Later on, the difference became non-significant
(significant temperature x intake date interaction), and this
happened earlier in the U. pumila and U. parvifolia than in
the U. villosa and U. minor clones.

In single-node cuttings, PB was higher and TT lower than
in whole twigs under both temperature treatments, but the dif-
ference between experimental units tended to decrease with
successive intakes (Figure 4). This reduction occurred earlier
in the U. pumila and U. parvifolia than in the U. minor and
U. villosa clones (Figure 4). At 26 °C, bud burst was slightly
inhibited: PB was always above 80%, complete in the Asian
clones and significantly below 100% in U. minor on the first
intake only. In the U. pumila and U. parvifolia clones, TT
was very low at the first intake (less than 250 dd > 0 °C)
and decreased slightly and gradually with time, whereas in
the U. villosa and especially in the U. minor clone, TT was
clearly higher at the first intake (about 270 and 400 dd > 0°C,
respectively) and decreased steeply from mid-October to
mid-November (Figure 4). At 14 °C, bud burst was partially
inhibited in mid-October in the U. pumila and U. parvifolia
clones and strongly inhibited in the U. villosa and U. minor
clones. A sharp increment in PB up to 100% occurred in mid-
November in the U. pumila, U. parvifolia and U. minor
clones, whereas in the U. villosa clone, PB started to increase
in mid-November and reached 100% in mid-December. TT
declined significantly from mid-October to mid-November
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in U. pumila and U. parvifolia, whereas the first significant
and sharp decrement in TT was in mid-December for U. vil-
losa and U. minor. Under both forcing temperatures between
mid-February and mid-March, a further steep decrease in TT
occurred that was larger in U. pumila and U. parvifolia than
in U. minor and U. villosa, suggesting that buds had started to
accumulate thermal time outdoors before the last intake date
in the U. pumila and U. parvifolia clones.

Discussion

Effect of photoperiod during dormancy release

The literature about photoperiodic effects on growth regula-
tion in the genus Ulmus is scarce and not straightforward.
Moreover, the majority of reports are on American elm
(U. americana), which is phylogenetically distant from the
European and Asian elm species (Wiegreife et al. 1994) to
which the clones studied in this paper belong. The only in-
formation on the effect of photoperiod on dormancy release

under controlled conditions in elms dates back to 1965,
when Roberts and Main reported a partial and weak substi-
tuting effect of chilling by long days in U. americana seed-
lings of unknown origin (about 40° N in latitude if a local
origin is presumed). Slightly richer is the literature about the
effect of photoperiod on growth cessation and dormancy in-
duction in elms. At the stage of seedling and sapling, U.
americana is sensitive to photoperiod for cessation of
growth (shoot apex abscission or set of apical bud) and dor-
mancy induction (Downs and Borthwick 1956, Nitsch 1957,
Vaartaja 1959, Millingtown 1963, Laing 1966). Also, in U.
americana, there is a clear latitudinal trend in responsiveness
to photoperiod (variation in both critical night length for
growth inhibition and required duration of the inducive treat-
ment), with northern sources responding to shorter treat-
ments of shorter critical night length (Vaartaja 1959).
However, even for the northern sources, the effect of photo-
period is moderate in comparison with other trees from the
same latitudes (Downs and Borthwick 1956, Vaartaja 1959).
Besides, Millington (1963) reported a strong effect of tem-
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Figure 2. Percentage bud burst (A—F) £+ SE and thermal time to bud burst (G-L) + SE in 1-year-old twigs collected monthly from 15 October
2002 to 15 March 2003 in Florence (Italy, 43°43’ N, 11°22" E, 170 m a.s.l.) from field-growing Ulmus pumila (A, G); U. parvifolia (B, H); U.
macrocarpa (C, 1); U. villosa (D, J); U. glabra (E, K); and U. minor (F, L) clones (see Table 1 for details) and subjected to photoperiods of
either 16 h (open symbols) or 8 h (closed symbols) under 21 °C constant temperature (Experiment 1).
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Table 3. Values of the parameters (a, b, r) in Eq. (5) (see Materials and methods), and estimated number of chill days (CD, days with mean daily
temperature <5 °C) required for dormancy release (1.05 times the lowest thermal time of the fitted function, see Eq. (6) in the text) for each

clone. e.v.% = percentage explained variance.

Clone Species a b r e.v. % CD, 1.05
CNRO55 U. glabra 91.0 1014.5 —0.047 95.5 115
UMO001 U. macrocarpa 238.8 796.4 —0.136 83.8 31

US NA 36 533 U. parvifolia 222.4 860.0 —0.174 85.0 25

S015 U. pumila 173.4 569.1 —0.243 82.6 17

HA 1989.2869 U. villosa 220.9 806.5 —0.059 91.1 72

perature on the timing of shoot apex abscission, and both
Millington (1963) and Downs and Borthwick (1956) sug-
gested that temperature could play a major role in growth
cessation. This hypothesis is supported by the general obser-
vation that local elms in natural conditions often continue to
grow during autumn until injured by frost in North America
(Downs and Borthwick 1956), Europe (L. Ghelardini, un-
published data) and China (Geng 1989). For European elms,
the only report in controlled conditions is that U. glabra
seedlings originating from the northernmost areas of the nat-
ural distribution of the species respond to photoperiod for
growth cessation and show a latitudinal cline in the critical
day length (Habjerg 1978). Apart from this report, there is
only circumstantial evidence, from the observation of latitu-
dinal trends in common garden experiments, for involvement
of photoperiod in growth cessation in U. glabra (Myking
and Screppa 2007), U. laevis (Whiteley et al. 2003) and
U. pumila (Geng 1989). In conclusion, elms do not seem
to be especially sensitive to photoperiod for regulation of
growth, and their low sensitivity and large latitudinal varia-
tion in responsiveness suggest that, at least for southern po-
pulations, photoperiod may have little or no effect in field
conditions. Other factors than photoperiod could play a ma-
jor role in dormancy induction in elms, such as decreasing
temperatures, which are responsible for dormancy induction
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Figure 3. Decrement in thermal time (day degrees > 0 °C) to bud

burst following exposure to outdoor chilling (number of chill days

with mean temperature < 5 °C since 1 October to the intake date) in

the studied Ulmus spp. clones as described by curve fitting of Eq. 5
(see Materials and methods) to data of Experiment 1.

in trees insensitive to photoperiod (Heide and Prestud 2005).
In regard to dormancy release and growth resumption, this
conclusion is indirectly supported by the high efficiency of
temperature-based phenological models to explain the varia-
tion in the bud burst date of European and American elm
species in natural conditions (Sparks and Carey 1995,
Chuine et al. 1999, 2000, Santini et al. 2004).

The study herein reported provided no evidence that pho-
toperiod influences dormancy release in elms. The partial
substituting effect by long photoperiods after short chilling
durations shown in U. americana seedlings (Roberts and
Main 1965) was not confirmed in any of the elm clones in
this study, nor was a long day requirement for bud burst
found in the late phases of dormancy, which is instead the
case for Fagus sylvatica L. (Heide 1993b). However, the
plant material included in this study, i.e., six clones belonging
each to a different elm species and covering a rather restricted
latitudinal range, is too limited to allow drawing any general
conclusion. In fact, timing of bud burst, as a trait with adap-
tive significance, typically shows geographic variation along
climatic gradients, together with large within population and
clonal variation (Savolainen et al. 2007), and large intraspe-
cific and clonal variation in this trait has been shown in Eu-
ropean elms (Santini et al. 2004, Ghelardini et al. 2006). In
addition, as previously mentioned in this section, strong eco-
type variation has been shown in photoperiodic response for
other phenology traits in some elm species (Vaartaja 1959,
Habjerg 1978). With this reservation in mind, still the fact
that independent elm specimens from different species and
geographical origins all showed no response to photoperiod
in this study could suggest a widespread lack of photoperiod-
ic effect on bud burst in the genus Ulmus. To test this hypoth-
esis, experiments on extensive samples of elms from different
species and populations, including ecotypes originating from
higher latitudes, where photoperiod is the most reliable envi-
ronmental signal in late spring and early summer, would be
needed. In addition, missing effect by photoperiod in this
study with respect to Roberts and Main’s results could be
due to the different age of the plant material, that is shoots
of adult trees versus seedlings, respectively. Photoperiodic ef-
fects on dormancy release may vary depending on the tree’s
ontogenetic stage. Partanen et al. (2005) showed that in Nor-
way spruce (Picea abies (L.) Karst.) long photoperiod did not
affect bud burst in old trees, whereas it partially compensated
for lack of chilling in young trees, as it is known to be the
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Figure 4. Percentage bud burst (A—D) + SE and thermal time to bud burst (E-H) £+ SE in 1-year-old twigs (open symbols) and single-node
cuttings (closed symbols) collected monthly from 15 October 2003 to 15 March 2004 in Florence (Italy, 43°43’N, 11°22’E) from field-growing
Ulmus pumila (A, E), U. parvifolia (B, F), U. villosa (C, G) and U. minor (D, H) clones and subjected to either 14 °C (triangles) or 26 °C

(circles) constant temperature under 16 h photoperiod (Experiment 2).

case also in seedlings of the same species (Nienstaedt 1967).
Again, to verify whether the presence of a photoperiodic ef-
fect depends on plant age in elms and to draw any more gen-
eral conclusion, it would be necessary to test plant material
from adult trees and seedling of various elm species.

Response to temperature during dormancy release: intensity
and duration of dormancy phases

All the clones exhibited maximum dormancy in mid-October
(Figures 2 and 4). There was a substantial variability in the
strength of this inhibition, the U. pumila clone clearly being
less dormant than the other clones. According to both vari-
ables used as dormancy measures (percentage bud burst
and thermal time), dormancy was released earlier in the Asian
U. pumila, U. parvifolia, U. macrocarpa and U. villosa
clones than in the European U. glabra and U. minor clones.
The clones could therefore be ranked from U. pumila (very
weak and short dormancy) to U. minor (relatively stronger
and longer dormancy), the other clones being intermediate,
with U. parvifolia and U. macrocarpa less dormant than U.
villosa and U. glabra. For the clones included in both experi-
ments, the ranking in dormancy was consistent across years
(Figures 2 and 4).

Like Vegis (1964), we believe that the narrower the tem-
perature range promoting growth, the deeper is dormancy.
In twigs, the capacity of bud burst was regained first at high
temperature in the following sequence: U. pumila (mid-Octo-
ber), U. parvifolia, U. villosa (mid-November) and U. minor
(mid-December). Later on, from mid-November to mid-Jan-
uary, a progressive widening towards lower temperatures was
observed with the same sequence of bud burst among clones
(Figure 4).

Endodormancy (Lang et al. 1987), as measured by the sin-
gle-node cuttings test (Crabbé and Barnola 1996), was shal-

low and short in all clones when compared with other tree
species studied with the same technique (Bailly and Mauget
1989, Jacques et al. 1989, Falusi and Calamassi 1997, 2003).
The result that bud burst in twigs was delayed with respect to
single-node cuttings suggests that correlative inhibitions are
largely responsible for preventing bud burst during winter in
the studied clones. A similar result was reported by Mazzitelli
et al. (2007) for Rubus idaeus L. Single-node cuttings flushed
fully and rapidly at higher temperature, even in the period of
maximum inhibition with minor differences among clones
(Figure 4). According to Champagnat (1993), a certain per-
centage of dormant buds may flush at high temperatures
(>25 °C), even in the period of maximum inhibition, but not
as fast as it was observed in the present study. The U. pumila
and U. parvifolia clones flushed, at the first intake, after less
than 10 days, which has been considered the limit defining
endodormancy (Balandier et al. 1993), questioning the pres-
ence of endodormancy in these clones. Single-node cuttings
of the U. minor and U. villosa clones flushed fast too, but on
the first intake they required larger thermal time, which
steeply decreased on the second intake.

As in whole twigs, in single-node cuttings the effective
temperature range for bud burst widened earlier in U. pumila
and U. parvifolia than in U. villosa and U. minor clones,
which further confirms the ranking in dormancy among
clones. Nevertheless, differences among clones were smaller
in single-node cuttings than in whole twigs, suggesting that
they could be ascribed to a larger extent to correlative inhibi-
tion (paradormancy) than to endodormancy.

The capability of the U. pumila clone to flush even in the
period of strongest growth inhibition (mid-October), although
in a narrower temperature range (Figures 2 and 4), suggests
that this clone was in a state of conditional dormancy rather
than true dormancy. According to Vegis (1964), this is a nor-
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mal phenomenon for many species and varieties, whereas for
other species the presence or absence of true dormancy seems
to depend on the climatic conditions of the year in question.
Moreover, inter-annual variations in depth and duration of
bud dormancy may depend on autumn temperatures, which,
in combination with photoperiod or alone, are responsible for
dormancy induction (Heide 2003, Junttila et al. 2003, Heide
and Prestud 2005, Segaard et al. 2008). These effects, which
are complex and variable with species and provenances, have
not been investigated in the genus Ulmus.

Modelling analysis and chilling requirement estimates

On the basis of the thermal time versus chilling curves ob-
tained by fitting a commonly used phenological model (Can-
nell and Smith 1983, Murray et al. 1989, Hannerz et al. 2003)
to open field bud burst data, European elms have been clas-
sified as low chilling requirement species (Santini et al.
2004), similar to groups 3 and 4 in Murray et al. (1989).
For trees included in these groups (e.g., Sorbus aucuparia
L., Corylus avellana L., Betula pendula Roth., Salix vimina-
lis L., Prunus avium L.), the thermal time to bud burst de-
creases after short chilling and tends to a stable value when
chilling exceeds 100 chill days. Results of the fitting of this
model to growth chambers data (Experiment 1, Figure 3 and
Table 3) confirm that elms need short chilling for dormancy
release. In accordance with their timing of dormancy release
(Figure 2), the clones could be ranked on the basis of their
estimated chilling requirement from U. pumila (<20 CD),
U. macrocarpa and U. parvifolia (<35 CD) to U. villosa
(72 CD) and U. glabra (>100 CD). In U. minor, the chilling
requirement was highest but could not be estimated within
the observed chilling range. Thus, in agreement with previous
studies (Ghelardini et al. 2006), the chilling requirement of
U. glabra and U. minor from northern Italy seems not to
be fully met in the mild winters of the Mediterranean region.
For the U. minor clone, this result is further confirmed by the
large decrement in thermal time observed in the slightly
colder second year of study (Figure 1) in agreement with
what is expected when the chilling requirement is not satis-
fied (Murray et al. 1989).

Conclusions and implications for research on DED
resistance

In this study, six clones of different elm species, all involved
in studies on DED resistance mechanisms, have been charac-
terized for their responses to photoperiod and temperature
during bud dormancy release. In none of the clones were dor-
mancy release and bud burst influenced by photoperiod, but
intensity of dormancy and timing of dormancy release greatly
differed among them. Knowledge about lack of photoperiod-
ic effect and differences in the time course of dormancy re-
lease as a function of temperature in these clones will help to
model phenology in these clones and to plan controlled con-
ditions and open field studies on the dependence of suscep-
tibility to DED on timing of phenological events, such as

reacquisition of the full competence to grow in favourable
environmental conditions, which is followed by the onset of
development of a new wood ring (L. Ghelardini et al., unpub-
lished data) and bud burst. We hypothesize that annual varia-
tion in DED susceptibility in elms depends on the timing of
growth-related processes, which determine how the plant, at
the time of the beetle vector’s transmission phase in spring,
can balance allocation between growth and defence processes.
In early spring, the energy reserves of DED-susceptible elms
are probably exhausted by the flowering process that occurs in
late winter and by the construction of the new porous ring,
which has to provide nutrients for the expanding photosyn-
thetic surface. Growing meristems and newly formed leaves
behave as strong photosynthetic sinks, and no resources are
dedicated to defence, which renders elms especially suscepti-
ble to DED. As time passes, growth rate decreases so that
photosynthates can be allocated to defence. This could explain
why the second generation of vectors in summer is less suc-
cessful or totally ineffective to cause DED compared to the
first generation in spring. In early flushing elms, all these phe-
nological and physiological events, starting with early dor-
mancy release and resumption of competence to grow, take
place earlier, so that at the time of DED infection growth rate
is reduced and carbohydrates from mature leaves can be allo-
cated to secondary metabolism and defence against DED. This
mechanism of DED avoidance by early flushing, possibly
combined with other types of resistance, could be exploited
for breeding DED-resistant elm clones.

The study of these clones has contributed new, although
circumscribed, knowledge on dormancy in the genus Ulmus.
Some previous findings, such as a general low level of dor-
mancy in European elms (Santini et al. 2004), have been con-
firmed, and some results, such as a lack of photoperiodic
effect on dormancy release, have been reported for the first
time and would deserve further investigation in a suitable
sample of elm trees.
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