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Abstract Several North American broad-leaved tree
species range from the northern United States at ∼47◦N
to moist tropical montane forests in Mexico and Central
America at 15–20◦N. Along this gradient the average min-
imum temperatures of the coldest month (TJan), which char-
acterize annual variation in temperature, increase from −10
to 12◦C and tree phenology changes from deciduous to leaf-
exchanging or evergreen in the southern range with a year-
long growing season. Between 30 and 45◦N, the time of
bud break is highly correlated with TJan and bud break can
be reliably predicted for the week in which mean minimum
temperature rises to 7◦C. Temperature-dependent decid-
uous phenology—and hence the validity of temperature-
driven phenology models—terminates in southern North
America near 30◦N, where TJan>7◦C enables growth of
tropical trees and cultivation of frost-sensitive citrus fruits.
In tropical climates most temperate broad-leaved species
exchange old for new leaves within a few weeks in January-
February, i.e., their phenology becomes similar to that of
tropical leaf-exchanging species. Leaf buds of the south-
ern ecotypes of these temperate species are therefore not
winter-dormant and have no chilling requirement. As in
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many tropical trees, bud break of Celtis, Quercus and
Fagus growing in warm climates is induced in early spring
by increasing daylength. In tropical climates vegetative
phenology is determined mainly by leaf longevity, seasonal
variation in water stress and day length. As water stress dur-
ing the dry season varies widely with soil water storage,
climate-driven models cannot predict tree phenology in the
tropics and tropical tree phenology does not constitute a
useful indicator of global warming.
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Introduction

Northern Hemisphere land has undergone considerable
warming in recent decades, and the full impact of these
changes across multiple ecosystems is still being assessed
(Houghton et al. 2001). However, in temperate regions,
where plant growth and development are mainly deter-
mined by temperature, some effects are already apparent.
For example, especially strong temperature increases
during winter and spring are causing phenophases such as
first leaf and first bloom to start sooner in many temperate
tree and shrub species (Cayan et al. 2001; Menzel and
Fabian 1999; Schwartz and Reiter 2000). Thus, spring
phenology shows considerable promise as an indicator of
the impact of global warming on the temperate biosphere
(Badeck et al. 2004; Walter 2003). Based on the high
correlations between temperature and plant development,
temperature-driven phenological models have been
developed and successfully applied to predict the timing of
spring bud-break and flowering (Kramer 1994; Linkosalo
et al. 2000; Schwartz 1997; Schwartz and Chen 2002;
Schwartz and Reiter 2000; Wielgolaski 1999).

In contrast to temperate trees, the phenology of trees in
tropical regions with large seasonal variation in rainfall
cannot be predicted from climate data. This is because bud
break and leafing are determined mainly by non-climatic
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Fig. 1 Map of North America
showing the areas with
TJan=5–10◦C (gray), the
distribution limits of Acer
rubrum (black triangles) and
Fagus grandifolia (filled
circles), the northern limits of
citrus cultivation (empty circles)
and tropical dry forest trees
(diamonds), and the locations of
phenology observations
(squares). G Gainesville,
Florida, KS Kansas, MA
Massachusetts, NC North
Carolina, NF Northern Florida,
SFL Southern Florida, SO
Sonora, Mexico, TX Texas, VC
Veracruz, Mexico, WI
Wisconsin

variables such as seasonal variation in tree water status,
day length and shedding of old leaves (Borchert 1994,
2004; Rivera et al. 2002). Within the same landscape or
climatic zone tree phenology may therefore range from
evergreen trees at moist sites to deciduous trees at dry
sites, and bud break in spring may occur at the height of
the dry season (Rivera et al. 2002).

Temperature-dependent phenology of temperate broad-
leaved trees and tropical tree phenology have been studied
mainly in northern climates with a cold winter and in the
seasonally dry tropics, respectively. Little is known about
the transition from temperate to tropical phenology and
the geographical boundaries between these major pheno-
logical patterns. In contrast to Europe, where the range
of most broad-leaved tree species ends abruptly in the
Mediterranean climate south of the Alps, in North America
broad-leaved forests with a moist summer growing season
range from 45◦N in northern USA to the tropical montane
forests of Mexico and Central America at 15–20◦N
(Fig. 1). Correspondingly, a number of temperate tree
species or genera range from northern USA and Canada
to Central America, Mexico or southern Florida (Fig. 1;
Marquis 1990). In their northern range species such as Acer
rubrum (Walters and Yawney 1990), Fagus grandifolia
(Tubbs and Houston 1990) and Carpinus caroliniana may
be deciduous for ∼6 months, but in the southern, tropical
part of their range they exchange old for new leaves within
a few weeks in January–February (Peters 1995; Tomlinson
1980; Williams-Linera 1997; Williams-Linera et al.
2000), i.e., their phenology is similar to that of tropical
leaf-exchanging species (Borchert et al. 2002; Borchert
2004). Along the N-S gradient of increasing temperature
the transition from a temperature-driven, deciduous
phenology to a tropical, nearly evergreen phenology
thus occurs within the same, wide-ranging temperate
species.

In order to fully assess the potential impact of climatic
changes on global ecosystems, a better understanding of
the geographic extent and nature of temperature control of
plant growth in the temperate-tropical transitional zones is
crucial. In this study we analyze changes in the vegetative
phenology of North American forest tree species along a
N-S gradient of increasing temperature. Specifically, we
address the following questions: (1) How far south does
temperature control of vegetative phenology in temperate
trees extend? (2) At what threshold of temperature does
the transition from the temperate to the tropical pattern
of vegetative growth occur? (3) How is the seasonality
of vegetative phenology of temperate trees controlled
in tropical climates without large seasonal variation in
temperature?

Materials and methods

Phenological observations

To assess changes in the time of bud break as a function
of temperature changes along a latitudinal gradient,
phenological observations for 10 locations ranging from
10–44◦N were compiled from a variety of sources
(Table 1; Fig. 1). Observations for Massachusetts (Harvard
Forest 2003), North Carolina (Lieth and Radford 1971),
Wisconsin (Schwartz, unpublished data) and Veracruz
(Williams-Linera 1997; Williams-Linera et al. 2000)
are from long-term or large-scale systematic phenology
studies. Bud break or leaf exchange in spring 2004 were
observed weekly in Veracruz, northern Florida, northern
Texas/Louisiana and Kansas by the authors (G.W-L.:
Xalapa, Veracruz; K.R.: Talahassee, Fla.; R.B.: Lawrence,
Kan.) and two volunteers (J. Long, Shreveport, La.;
J. Weiss, Daingerfield, Tex.). Bud break times from
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Table 1 Vegetative bud break (week) for 16 temperate tree genera
observed at 10 locations ranging from 10◦ to 44◦N latitude (Fig. 1)
and a mean minimum temperature of the coldest month (TJan) from
26 to −10◦C. Most phenological observations for a given genus were

obtained with several of the listed species. Mean bud break times
and errors were calculated for each location from observations of all
listed genera

Genus Species Place of Observationa

CR SF VC SO NF TX NC KS MA WI

TJan (◦C) 26 13 11 5 4 0 −1 −7 −8 −10
Acer rubrum 1.7 5.5 6.5 9.7 15 18
Carpinus caroliniana 2.5 5 18
Celtis laevigata, occidentalis,

reticulata
10 9 11 15

Cercis canadensis 10 10 14
Cornus alternifolia, disciflora,

florida, sericea
2.5 4 10.5 10.5 15 15.5 17.1

Fagus grandifolia 9 10 9 18.7 18.7
Fraxinus americana, caroliniana,

pennsylvanica, velutina
2.4 5 12 13 18 19

Liquidambar styracifolia 2.5 9 11.5 11 13
Morus microphylla, rubra 3 6 16
Nyssa sylvatica 12.5 19
Populus mexicana, tremuloides 4 17 18
Platanus mexicana, occidentalis 3 10 15
Prunus americana, serotina 8 8 16.5 17
Quercus germana, michauxii,

palustris, rubra, stellata,
virginiana

9 8.5 8 10.5 12 15 18.5 18

Salix bonplandiana, caroliniana,
discolor, libanensis, nigra

1 4.5 10 10 14

Ulmus alata, americana, pumila 6 10.5 14.5 19
mean 6.1b 4.5 4.7 5.7 8.2 9.7 11.1 14.5 17.7 18.1
St. Dev. 5 3.9 3.2 2.0 2.6 1.5 1.1 0.9 1.2 0.8

aCR Costa Rica; SF South Florida; VC Veracruz, Mexico; SO Sonora, Mexico; NF N Florida; LA Louisiana; TX Texas; NC North Carolina;
KS Kansas; MA Massachusetts; WI Wisconsin. TJan (average January minimum T) from Ruffner and Bair 1984
bCalculated for 15 leaf-exchanging tropical dry-forest species in Costa Rica (Frankie et al. 1974)

anecdotal observations of the phenology of temperate
species in South Florida (Perry and Wang 1960; Tomlinson
1980) and Sonora, Mexico (Felger et al. 2001), were
converted to weeks as follows: ‘January’ = week 2;
‘January/February’ = week 4, ‘February’ = week 6, etc.
For most genera phenological observations of several
species were pooled, because bud break of most species
in a genus is consistently early (e.g., Cornus) or late (e.g.,
Quercus) relative to other tree species at the same location
(Table 1). Bud break times for 15 leaf-exchanging species
of the semideciduous tropical forest in Guanacaste, Costa
Rica, were obtained from phenological records by Frankie
et al. (1974) as described in Borchert et al. (2004). Leaf
exchange of Enterolobium cyclocarpum in the same forest
was monitored by R.B. in 1991 and 1992. Phenological
observations of temperate and tropical trees in Argentina
were made in Buenos Aires (M. Oesterheld, R.B.), Rosario
(D. Prado) and Cordoba (G. Rivera). Mean bud break
times for 16 temperate genera and 15 tropical species were
calculated for 10 locations (Table 1).

Modeling bud break time

To test the hypothesis that spring bud break occurs on
average at the time when the monthly mean temperature
reaches 7◦C, predicted bud break times were calculated
as follows from meteorological records of 26 locations
in North America (Fig. 2; Ruffner and Bair 1984; Free-
Weather 2003). For stations with an average temperature of
the coldest month (TJan) of >7◦C, bud break was assumed
to occur in week 1; for stations with TJan<7◦C the week
of bud break was interpolated between the months with
higher (TH) and lower minimum temperature (TL) than the
temperature permitting bud break (TB=7◦C) as

Bud break week = (YDTL + 30/(TH − TL) ∗ (TB − TL))/7,

where YDTL = Year-day of the 8th day of the month in
which TL was observed.

The 5–10◦C range of TJan in Fig. 1 was mapped in
ArcView 3.2, based on data drawn from the 1961–1990
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climatologies served by the Intergovernmental Panel on
Climate Change (http://www.ipcc.ch/) (New et al. 1997).

Results

Changes in TJan from −10 to 12◦C characterize the
increase in the range of annual temperatures along the
observed N-S gradient (Fig. 2). Mean bud break times
calculated in Table 1 are highly correlated with TJan for the
eight locations with TJan ranging from 5◦ to −10◦C (Fig. 2,
empty squares, solid regression line). At all tropical and
subtropical locations with TJan>7–8◦C mean bud break
occurs in January/February (Fig. 2, dashed gray line).
Standard deviations of mean bud break time are <1.5
weeks at locations with latitude >35◦N and TJan<0◦C,
but increase to 5 weeks at lower latitudes with TJan>0◦C.
Collectively these observations indicate that at TJan greater
than 7◦C temperature ceases to be the dominant driving
variable for vegetative phenology and the growing season
lasts all year (Fig. 2, arrow).

The regression of bud break time against TJan (Fig. 2,
solid line) and the temperature–dependent limits of
distribution of subtropical trees in Florida (Greller 1980)
suggest that bud break in spring should occur when the av-
erage minimum temperature (Tmin) reaches 7–8◦C (Fig. 2,
arrow). This hypothesis was supported by the remarkable
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Fig. 3 Regressions of bud break times from Table 1 against TJan<7◦C
for 12 temperate genera. Regression lines in A and B are representa-
tive for all listed genera. Regression in C calculated for bud break of
Quercus at locations with TJan<7◦C

similarity between the observed bud break times and those
predicted for 28 North American locations ranging from
Florida and Texas in the South to Alberta and Quebec
in the North for the week with Tmin=7◦C (Fig. 2, filled
circles, dashed regression line; see Materials and methods).

For all analyzed individual tree genera, correlations
between bud break time and TJan are highly significant
for locations with TJan<5◦C (Fig. 3). Regressions are
identical with (Fig. 3A) or very similar to (Fig. 3B) those
of bud break means for the combined species (Fig. 2).
These regressions indicate an advance in bud break time of
5.4–6.5 days for an increase of TJan by 1◦C. In contrast to
all other genera, an increase in TJan above 0◦C does not
advance bud break times in Celtis, Fagus and Quercus,
which rarely leaf out before mid-March (Fig. 3C, dashed
line). In Fagus and Quercus bud break is known to be in-
duced by increasing daylength (Kramer 1936; Romberger
1963; Wareing 1953).

In the cool and moist tropical montane cloud forest of
Xalapa, Veracruz, Mexico (TJan=10.9◦; Fig. 4F), most
temperate species leaf in January, soon after all or most
old leaves have abscised (Fig. 4A–D). Fagus grandifolia,
Quercus xalapensis (Fig. 4E, F) and four other oak
species (Q. acutifolia, Q, germana, Q. leiophylla, Q.
insignis; Williams-Linera 1997) consistently leaf in late
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February/March, about 4 weeks later than the other species.
Generally, new oak leaves start expanding well before the
majority of old leaves have abscised (Fig. 4E), i.e., like
live oak (Q. virginiana) in southern USA these oak species
are evergreen. Thus, in the equitable climate of Xalapa all
temperate genera are leaf-exchanging or evergreen.

At TJan of 4–5◦C, temperate and tropical trees grow
equally well in the Argentinean cities Buenos Aires (34◦S),
Rosario (33◦S) and Cordoba (31◦S), where hundreds of
linden (Tilia), ash (Fraxinus americana, F. excelsior) and
sycamore (Platanus acerifolia) as well as tropical decid-
uous species such as Jacaranda mimosifolia, Tabebuia
impetiginosa and Tipuana tipu line the streets. In addition,
more than 30 temperate broad-leaved tree species grow in
the Botanical Gardens “Carlos Thays” in Buenos Aires and
“Parque José Villarino” in Zavalla near Rosario (Garcia
et al. 2002). In these cities temperate trees shed their leaves
in May–June and leaf out in August–September after a
leafless period of 4–6 weeks (M. Oesterheld, D. Prado, G.
Rivera, personal communication), i.e., their phenology is
similar to that observed in the somewhat warmer climate
of Xalapa, Mexico (Fig. 4F).
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In the tropical semi-deciduous forest of Guanacaste,
Costa Rica, the time course of leaf-exchange in En-
terolobium cyclocarpum (guanacaste) during the nearly
rainless dry season (Fig. 5A, bars) varies widely among
individual trees and between years. The effect of soil water
availability on the time-course of leaf abscission and bud
break is illustrated by the vegetative phenology of two
individual trees during two consecutive years, in which
the time of the last major rainfall before the dry season
differed by 4 weeks (Fig. 5; Table 2).

Table 2 Variation in the timing of leaf exchange in Enterolobium
cyclocarpum with the onset of the dry season in Guanacaste, Costa
Rica. Means calculated from phenological observations of ten trees
during the dry season 1990/91 and 1991/92

1991 1992 �1991–
1992

Last rainfall (Fig. 5) November
1990

October
1991

1 month

Vegetative phenology Year day Days
Last old leaves

observed
39±21 15±14 24

Range 0–55 360–36
First new leaves

expand
66±8.6 46±7 20

Range 55–78 36–53
Days

Interval last old—new
leaves

27 31 4

Range 0–68 11–47
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Discussion

Within the North American cold-temperate zone, average
minimum temperature of the coldest month (TJan) is
highly correlated with the average time of vegetative bud
break in trees (Fig. 2, squares). At locations between 30◦
and 45◦N spring bud break of forest trees is predicted
with remarkable accuracy for the week in which average
minimum temperature (Tmin) reaches 7◦C (Fig. 2, circles).
An increase of spring temperatures above this threshold
thus permits the resumption of tree growth after its arrest
by low winter temperatures. Similarly, in mountains
around the globe the upper limit of tree growth is generally
at altitudes with an average temperature of 5.5–7.5◦C
during the growing season, presumably because lower
temperatures inhibit tree growth and development (Körner
1998). Our results agree with the predicted 5–7 days
advance in bud break time for every 1◦C increase in
temperature, as deduced from long-term observations in
Europe and North America (Menzel and Fabian 1999;
Schwartz and Reiter 2000; Chmielewski and Rötzer 2001).

In contrast to the cold-temperate zone, temperature
ceases to be the dominant determinant of bud break
where TJan increases above 7–8◦C and the growing season
lasts all year. At such locations bud break times between
December and February (Fig. 2, dashed line) cannot be
predicted from increasing TJan and vary widely among
different tree genera (Table 1; Fig. 2, error bars). The
validity of temperature-based models to predict changes
in plant phenology due to global warming is therefore
limited to regions with TJan<7◦C.

In North America, the southern boundary of temperature-
driven phenology is located S of 30◦N (Fig. 1). It should
be associated with manifestations of a year-long, frost-free
growing season, such as growth of tropical trees. In the

United States, the northern limits of cultivation of frost-
sensitive citrus fruits are the 5.5◦C TJan-isotherm (Greller
1980) and the cold-hardiness zone 9b with an average
annual minimum temperature range of −1–3◦C (Fig. 1,
central Florida peninsula, southern Texas; USDA 2003). In
western North America, the northern limits of distribution
for most tropical tree species are in northern Mexico
(TJan∼5◦C), in Tamaulipas and in south facing valleys of
the Sierra Madre Occidental in southern Sonora (Fig. 1;
Borchert et al. 2004; Felger et al. 2001; Turner et al. 1995).
In South America, tropical trees range south to Argentinean
cities with 4–5◦C TJan. In Europe the hardiness zone 10, the
northern limit of citrus cultivation, is located in southern
Mediterranean climates with dry and hot summers not tol-
erated by temperate trees (Garden-Web 1999). Within this
zone, many tropical trees grow in Sicily’s frost-free Botan-
ical Gardens of Palermo and Messina, Italy (TJan=10◦C;
Larcher 1963; R.B., unpublished observations)

The phenological pattern of ‘leaf exchange’ exhibited
by temperate tree species in the tropical montane forests
near Xalapa, Veracruz (Fig. 4A–D) and in Buenos Aires,
Argentina, is common among tropical trees growing at
moist sites (Fig. 5; Borchert 1994; Williams et al. 1997;
Borchert et al. 2002). This phenology indicates that ex-
pansion of young shoots and leaves in ‘mid-winter’ is not
inhibited by low temperature, short days or low soil water
availability, and that vegetative buds are not dormant.
In general, bud break under favorable environmental
conditions is caused by the shedding of old leaves, i.e.,
by changing functional relations among the organs of a
tree, not by seasonal variation in climate (Fig. 6C, D;
Romberger 1963; Borchert 1991, 2000). The emergence
of new leaves soon after precocious defoliation during
the growing season by herbivorous insects, hurricanes
(Craighead and Gilbert 1962; Walker et al. 1992) or
severe abnormal drought (Fig. 6D; Borchert et al. 2002) is
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Fig. 6 Environmental causes (top panels) of vegetative phenology of
broad-leafed trees (bottom panels) in cold-temperate and tropical cli-
mates (schematic, for details see text). Phenological patterns shown
as dotted, dashed or solid lines in the lower panels are the result of
the corresponding environmental changes in the upper panels. A, B
Increasing TJan causes decreasing duration of deciduousness. C, D At
moist sites, inter-annual variation in the timing of the last rainfall (C,
bars) causes variation in the timing of leaf dehydration (C, curves)
and leaf-exchange during the dry season. Abnormal, drought-induced

leaf abscission during the growing season causes rapid, precocious
leaf exchange (D, dashed; Borchert et al. 2002). E, F During the
dry season, a slow decline in soil water content at moist sites (E,
dotted) induces leaf-exchange, but a rapid decline at dry sites (E,
solid) results in prolonged deciduousness and leafing after the first
rains of the wet season (E, bars, F, solid). In spring-flushing species
increasing day length after the spring equinox induces bud break of
briefly deciduous trees before the first rains (F, dashed; Rivera et al.
2002)
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evidence for the role of leaf abscission in causing bud break.
In warm climates without a severe dry season, such as the
climate of Xalapa, Mexico (Fig. 4F), and Buenos Aires,
Argentina, the timing of leaf exchange is therefore mainly
determined by the longevity of leaves. Mesic leaves of most
broad-leaved tree species have a life span of 10–12 months
and are exchanged once a year (Borchert et al. 2002).

Water stress enhances leaf abscission of old leaves. In sea-
sonally dry tropical forests leaf exchange therefore occurs
mainly during the early to mid-dry season (Fig. 5; Borchert
et al. 2002, Borchert 2004). The time of leaf exchange
varies widely among neotropical leaf-exchanging tree
species such as Anacardium occidentale, Enterolobium cy-
clocarpum, Hymenea courbaril, Pithecelobium saman and
Swietenia macrophylla (Fig. 2, error of bud break time in
Costa Rica). Among trees of the same species it varies with
topographic, edaphic and climatic conditions that affect
tree water status (e.g., soil water storage, timing of the last
major rains) and hence the rate of leaf abscission (Figs. 5
and 6c,d; Table 2). Trees at relatively moist sites generally
exchange leaves weeks later than trees at dry sites. Cli-
mate thus determines the time of bud break only indirectly,
because many trees are buffered against seasonal drought
by water storage in the subsoil or in succulent tree trunks
(Borchert 1994). Like low temperatures, severe seasonal
drought inhibits bud break after leaf shedding and trees
may remain deciduous for several months until the first
rains of the wet season cause soil rehydration and bud break
(Fig. 6E,F; Borchert 1994; Borchert et al. 2002). The phe-
nology of deciduous species at dry sites of seasonally dry
tropical forests is therefore highly correlated with rainfall
seasonality.

Even at warm, tropical locations, bud break in the
temperate genera Celtis, Fagus and Quercus never occurs
before early March (Table 1; Figs. 3C and 4E,F). This
phenology is similar to that of many tropical tree species,
which leaf during the late dry season, in March/April, in
the absence of any notable climatic change and well before
the first rains of the wet season (Fig. 6F; Rivera et al. 2002;
Elliott et al., submitted). This ‘spring-flushing’ of tropical
trees is induced by increasing daylength and is therefore
characterized by minimal inter-annual variation of the
highly synchronous bud break in all trees of a species
around the spring equinox (Borchert and Rivera 2001;
Rivera et al. 2002). Photoperiodic control of bud break in
the above temperate tree genera is indicated by low inter-
annual variation of synchronous leafing in early March
(Fig. 4F, Fagus; Williams-Linera et al. 2000) and has been
shown experimentally in seedlings of Fagus grandifolia
and F. sylvatica (Kramer 1936; Romberger 1963; Wareing
1953). As in spring flushing tropical tree species, bud
dormancy of these species is likely to be induced by
declining daylength in autumn (Borchert and Rivera 2001).

In trees of cold-temperate climates the autumnal decline
in daylength and temperature generally induces cold-
hardiness and bud dormancy, which is broken by exposure
to low temperatures for 1–2 months (chilling requirement;
Borchert 1991; Metzger 1996; Schwartz 1997). In contrast,
the buds of temperate species leafing in mid-winter in
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Fig. 7 Bud break times of chilled and non-chilled seedlings of 11
Acer rubrum provenances (x-axis: length of growing season at prove-
nance origin) observed in Gainesville, Florida (TJan=6◦C; data from
Perry and Wang 1960)

warm climates are clearly not dormant and do not require
chilling. Implicitly, within temperate species ranging from
cold-temperate to tropical climates (Table 1) there should
be eco-physiological races (ecotypes) that differ with
respect to cold-hardiness, bud dormancy and response to
day length. Such genetic differences were observed in a
provenance test with Acer rubrum, in which seedlings of
provenances from southern Florida to northern New York
were grown outdoors in Gainesville, Florida (TJan=6◦C),
located just north of Florida’s citrus growing area (Fig. 1;
Perry and Wang 1960). Predictably, bud break in non-
chilled, field-grown seedlings of northern provenances was
several weeks later than in seedlings chilled in a cold-room
for 1 month (Fig. 7, circles vs squares). Under the same
temperature regime, bud break of seedlings from southern
Florida (TJan=13◦C) was in mid-January, 5 weeks earlier
than in local seedlings and 12–14 weeks before bud break
of all chilled northern-provenance seedlings in mid- to late
April (Fig. 7, diamonds vs squares). January temperatures
in Gainesville were thus permissive for bud break of south-
ern ecotypes, but not sufficient to cause bud break of the
chilled northern ecotypes, which, like the species discussed
above (Fig. 3C), probably require induction of bud break by
increasing day length. In northern ecotypes of A. rubrum,
and probably in other species adapted to cold-temperate
climates, damage to young, frost-sensitive shoots by late
frosts is apparently prevented by the combined require-
ments for chilling and increasing day length, which are
lacking in southern ecotypes and in temperate trees grow-
ing in Buenos Aires, Argentina. Observations with northern
ecotypes of A. rubrum imply that temperature-based mod-
els (e.g. Fig. 2, circles) predict bud break times correctly
because—in contrast to the above provenance test in a
warm climate—in cold temperate climates spring tempera-
tures rise into the permissive range for bud break well after
photoperiod has surpassed the critical day length required
to break bud dormancy. In Europe, where temperate tree
species ranging into the tropics do not exist, genetic differ-
ences in bud break times among different provenances have
been observed in a few broad-leaved species, such as Cory-
lus avellana, F. sylvatica and Q. petraea (Von Wühlisch
et al. 1995; Ducousso et al. 1996; Chuine et al. 2000).
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In conclusion, the observed high correlations between
temperature and tree phenology in cold-temperate climates
are unique in that low temperature constitutes the only
climatic variable that determines the length of the growing
season in all broad-leaved trees by inhibiting growth and
causing leaf abscission. In the tropics, severe water stress
affects trees the same way, but in many seasonally dry
tropical forests the growing season is not significantly
reduced by prolonged periods with low rainfall, because
soil water storage buffers trees against seasonal drought
(Borchert 1994). For example, in eastern Amazonian
evergreen forests with annual rainfall of 1,500–2,000 mm
there is a distinct dry season of 4–5 months, but extraction
of >500 mm soil water from up to 8 m soil depth enables
trees to retain full leaf cover during seasonal drought
(Nepstad et al. 1994). Similarly, in Australian savannas
(Williams et al. 1997) and Asian monsoon forests with a
severe, 5–6-month-long dry season some species exchange
leaves and most others leaf during the late dry season after
being deciduous for only 1–3 months (Fig. 6F; Kushwaha
and Singh 2005; Elliott et al, submitted). Because of the
complex relations between seasonal rainfall and soil water
storage, tree phenology cannot be predicted from climatic
data in these tropical and semi-tropical regions and
attempts to do so are a priori misguided. For example, an
ecological map based on Holdridge’s climate-based classi-
fication of plant formations predicts a ‘deciduous tropical
dry forest’ for the area of the above evergreen forest of east-
ern Amazonia (Tosi 1983). The phenology of tropical trees
is therefore not useful as an indicator of global warming.
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