
Summary In Massachusetts, low winter temperatures delay
the onset of flowering in black birch (Betula lenta L.), but not in
gray birch (B. populifolia Marsh.). During the winter of 2006,
male inflorescences and twigs of black birch had higher water
contents than those of gray birch, and the inflorescences of
black birch experienced greater frost kill than those of gray
birch. Vessels diameters were greater in black than in gray
birch, a difference associated with a higher incidence of winter
xylem embolism, as indicated by reduced xylem hydraulic
conductance. In both species, recovery of hydraulic conduc-
tance in twigs that survived the winter coincided with the de-
velopment of root pressure. Frost kill to male inflorescences or
associated damage to plant tissues may account for the differ-
ence between species in the effect of winter temperature on the
time of first flowering. In a comparison of 24 birch species,
sensitivity of the first flowering date to temperature was also
correlated with water content in male inflorescences.

Keywords: cavitation, climate change, embolism, flowers,
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Introduction

The timing of plant phenological events has changed world-
wide as a result of recent climate warming (Parmesan and
Yohe 2003, Root et al. 2003). In most cases, spring events,
such as leaf out and flowering, have occurred earlier. However,
not all species have been affected in the same way. For exam-
ple, in England, some species now flower up to a month earlier
than 50 years ago, whereas in other species flowering times re-
main unchanged (Fitter et al. 1995). Among species in which
the timing of phenological events is changing, the pace of
change varies dramatically (Miller-Rushing and Primack
2008). Differences in phenological response to changing tem-
perature may have large impacts on the outcome of individual,
species and community interactions. Effects of temperature-
induced phenological change have been reported on both re-
productive biology (Gross and Werner 1983, Kudo et al. 2004)
and intertrophic relationships (Both et al. 2006) .

In most temperate plant species, the timing of spring phe-
nological events is dependent on both day-length and tempera-

ture cues (Cannell and Smith 1983) in ways that vary among
species (Murray et al. 1989) and among ecotypes within spe-
cies (Myking and Heide 1995). However, the structural or
physiological traits that explain differences in phenological re-
sponses to temperature, particularly among closely related
species, are largely unknown. It has been suggested that freez-
ing-induced cavitation may delay flowering or leaf out by de-
laying the flow of water to buds in the spring (Wang et al.
1992, Strati et al. 2003). Roots, buds and the signaling com-
pounds that they produce are also critical determinants of
flowering phenology (Bernier et al. 1993) and may have a role
in mediating effects of climate change.

The question of why the phenologies of closely related spe-
cies respond differently to climate change is of particular eco-
logical significance. Closely related species co-occur more of-
ten than expected by chance (Williams 1947, Webb 2000), and
differences in phenology are important in maintaining repro-
ductive isolation and niche differentiation (Hendry and Day
2005). Thus, if flowering times of co-occurring, closely re-
lated species respond differently to climate change, the differ-
ence between their flowering times will change, affecting the
frequency or hybridization and competition for pollinators and
other resources (Miller-Rushing et al. 2007). To predict how
these ecological relationships will change in response to
possible climate warming, it is necessary to understand the
mechanisms underlying phenological responses to environ-
mental cues, and in particular, to temperature.

Here we report a study of black (Betula lenta L.) and gray
(B. populifolia Marsh.) birch, closely related species which
differ in their responses to winter temperatures. In eastern
Massachusetts, black and gray birch often co-occur in mixed
stands, where black birch, unlike gray birch, consistently flow-
ers earlier in years with warmer winters than in years with
colder winters (Miller-Rushing and Primack 2008). Thus,
black birch flowers earlier in response to warm winter temper-
atures, in contrast with many tree species in which flowering is
delayed following a warm winter (Samish 1954, Perry 1971,
Cannell and Smith 1983, Murray et al. 1989).

We hypothesize that the time of first flowering in black
birch is delayed in cold years because of frost damage to tis-
sues or freezing-induced xylem cavitation resulting in reduced
hydraulic conductivity. To test this hypothesis, we observed:
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(1) the developmental time course of male inflorescences in
relation to freezing damage; (2) overwinter water content of
male inflorescences and twigs, as a measure of susceptibility
to frost damage; (3) overwinter xylem cavitation in flower-
bearing shoots; (4) xylem vessel diameters, as a possible index
of susceptibility to frost-induced xylem cavitation; and (5)
root pressure immediately before the onset of flowering, as a
factor affecting stem hydraulic conductivity.

Materials and methods

Species and sites

Two co-occurring populations of black birch and gray birch in
eastern Massachusetts were studied. We monitored at least 10
adult wild individuals of each species at Hammond Woods in
Newton, MA (42°20′13″ N, 071°12′33″ W, 30 m a.s.l.) and at
the Arnold Arboretum of Harvard University in Jamaica Plain,
MA (42°18′35″ N, 071°07′13″ W, 52 m a.s.l.). We made
weekly observations from January through April 2006.

Black and gray birch are both native to eastern Massachu-
setts, and both are wind pollinated and deciduous. Black birch
is found in both wet and dry habitats, whereas gray birch is
found primarily in dry habitats. To our knowledge, the specific
flowering requirements of black and gray birch have not been
described. Analyses of historical flowering times indicate that
the first flowering times of black birch are significantly corre-
lated with January temperatures (r = –0.590, P = 0.016),
whereas those of gray birch are not (r = –0.141, P = 0.602)
(Miller-Rushing and Primack 2008). January was usually the
coldest month in the years for which we have flowering obser-
vations. In neither species were first flowering times signifi-
cantly correlated with February, March or April temperatures,
or with precipitation in the months January–April. Historical
records likely describe only the flowering of male inflorescen-
ces, not female inflorescences. Therefore, we monitored only
male inflorescences.

Male inflorescence mortality and growth

For 10 trees of each species per site, we recorded the percent of
male inflorescences that exhibited freezing-induced mortality
each week from January 21 through April 6. Freezing-induced
mortality was indicated by desiccation of the inflorescence
(i.e., bruising, wilting or cracking). Some dead inflorescences
were shed, so the percent of desiccated inflorescences was less
than the total inflorescences that had died since the beginning
of the winter.

Each week, we estimated volume growth (Perry 1971) of 45
marked male inflorescences of each species at each site (three
inflorescences per branch × three branches per tree × five trees
per site). We estimated the volume of each inflorescence as a
cylinder from its length and its mean diameter at one- and
two-thirds of its length. Measurements were continued until an
inflorescence either died (usually by freezing-induced mortal-
ity) or began to shed pollen.

Xylem conductance

To estimate the incidence of xylem cavitation, we measured
percent loss of hydraulic conductivity in one twig from each of
five trees of each species each week from March 16 through
April 13. We used twigs with a diameter of about 0.5 cm
without signs of desiccation. We stored freshly cut twigs at
4 °C in double-bagged Ziploc bags with wet paper towels until
hydraulic conductivity was measured (within 24 h of harvest).
Hydraulic conductivity was measured by attaching each twig
to tubing and allowing gravity-forced (15.6 kPa) filtered, dis-
tilled, degassed, deionized water to flow through each twig
(e.g., Atkinson et al. 2003, Cobb et al. 2007). We measured the
volume of water from each twig per unit time. We then placed
the measured twigs into a bucket of filtered, distilled, de-
gassed, deionized water under a vacuum overnight, to remove
embolisms. The next day we remeasured the hydraulic con-
ductivity to obtain an estimate of maximum potential hydrau-
lic conductivity. Finally, we calculated the percent loss of hy-
draulic conductivity of each twig (Sperry et al. 1988). Abso-
lute hydraulic conductivity might have been higher had we
perfused twigs with an ionic solution instead of distilled water
(Zwieniecki et al. 2001). However, we assume that, being rela-
tive values, our measurements of percent loss of hydraulic
conductivity were similar to values that would have been ob-
tained had we used an ionic perfusion solution.

Root pressure, water content and vessel diameter

We observed root pressure by making a hole with a needle in
the main stem or a large branch of each tree and observing if a
bubble formed at the opening or if sap flowed from the hole, in
which case root pressure was assumed to be positive. Measure-
ments were made within 2 h of sunrise.

We measured water content of inflorescences and twigs of
each tree by weighing them immediately after removal from
the tree and after oven drying to constant mass.

Vessel diameters were measured in two hand-cut transverse
stem sections, which were stained with safranin. The diame-
ters of twelve randomly selected vessels from each slice were
measured from digital images taken with the aid of a micro-
scope.

Temperature-response experiment

To test whether water content or male inflorescence size af-
fected the relationship between first flowering date and spring
temperature, we monitored flowering date in excised shoots
with male flowers from 24 birch species incubated in con-
trolled environment chambers (Table 1). Samples were col-
lected on March 8, 2006 from 29 trees of 22 species growing at
the Arnold Arboretum. On March 11, 2006, we collected twigs
with male inflorescences from 10 wild individuals of black
and gray birch, half from the Arnold Arboretum and half from
Hammond Woods. Immediately after collection, two twigs
from each tree were placed with their cut end in water in a con-
trolled environment chamber at 21, 19, 11 or 6 °C with a
14.5-h photoperiod, typical of May in Massachusetts. The date
of first flowering (pollen shedding) of each twig was recorded.
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Volume and water content of inflorescences from each tree
were measured.

Analysis

Characteristics of black and gray birch were compared with
t-tests. Relationships between water content or inflorescence
size and time to flowering in the temperature-response experi-
ment were investigated by regression analysis.

Results

Male inflorescence growth and mortality

Field monitoring, beginning in January, showed no change in
male inflorescence size in either black or gray birch until just
before pollen shedding. At both sites, male inflorescence mor-
tality was significantly greater in black birch than in gray
birch. At Hammond Woods, an average of 26 ± 3% of black
birch male inflorescences were frost killed compared with 0.9
± 0.4% of gray birch (paired t = 6.86, two-tailed P = 0.001;
n = 6). Of the 11 black birch trees monitored at Hammond
Woods, two suffered 100% male inflorescence mortality,
whereas in the most severely damaged gray birch tree, mortal-

ity was only 33%. At the Arnold Arboretum, the difference be-
tween species in male flower mortality was less: 5 ± 0.8%
mortality in black birch and 2 ± 0.9% in gray birch (paired t =
3.14, two-tailed P = 0.026; n = 6). The heaviest mortality in
black birch at the Arnold Arboretum was 40% compared with
22% for gray birch. Many inflorescences were shed following
frost kill without being recorded. Thus, our estimates of mor-
tality are conservative, particularly in the case of black birch,
which suffered the heaviest mortality.

Xylem conductance

During the first 2 weeks (mid to late March), loss of hydraulic
conductivity was greater in twigs of black birch than of gray
birch (March 16, t = 2.65, P = 0.038; March 23, t = 2.84, P =
0.047; Figure 1). Mid-March was the last winter period with
temperatures well below freezing (Figure 2). Percent loss of
hydraulic conductivity decreased in both species in late
March, and the difference between the species disappeared
(March 30, t = –0.28, P = 0.785; April 6, t = –0.75, P = 0.484).
By April 13, full hydraulic conductivity had been restored in
all individuals of both species (Figure 2).

Root pressure, water content and vessel diameter

Both species showed root pressure in the spring, starting
slightly earlier in black birch than in gray birch. The first tree
to develop root pressure was a black birch at the Arnold Arbo-
retum on March 30. The following week, root pressure was ev-
ident in all black birch trees and 54% of the gray birch. In the
week of April 13, all trees of both species showed root pres-
sure.

Inflorescences and twigs had higher percent water contents
in black birch than in gray birch at both study sites. At the Ar-
nold Arboretum, the water contents of black birch inflorescen-
ces and twigs were 52.6 ± 0.4% and 46.7 ± 0.4% by mass, re-
spectively, compared with 48.0 ± 0.5% and 42.3 ± 0.3% for
gray birch (inflorescences, t = 7.01, P < 0.001; twigs, t = 8.29,
two-tailed P < 0.001). At Hammond Woods, black birch inflo-
rescences and twigs contained 44.0 ± 2.2% and 42.2 ± 0.9%
water by mass, respectively, compared with 38.3 ± 1.9% and
36.5 ± 0.9% in gray birch (inflorescences, t = 1.97, P = 0.064;
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Table 1. Mean water content (WC) and mean dimensions of male in-
florescences of 24 birch (Betula) species. Individuals were cultured at
the Arnold Arboretum unless otherwise noted: AA indicates a wild
population at Arnold Arboretum; and HW indicates a wild population
at Hammond Woods.

Species WC (%) Male influorescence

Length (mm) Diameter (mm)

B. alleghaniensis 56 27.5 4.0
B. alnoides 21 26.9 3.6
B. chinensis 11 19.4 3.1
B. costata 50 22.1 3.8
B. davurica 11 29.9 3.8
B. ermanii 31 28.2 3.9
B. globispica 10 23.2 4.0
B. grossa 49 32.9 3.7
B. lenta AA 53 25.0 3.9
B. lenta HW 44 20.7 3.5
B. litwinowii 51 25.8 3.3
B. mandshurica 52 20.4 3.3
B. maximowicziana 33 51.2 4.6
B. nigra 45 29.5 3.3
B. obscura 47 31.5 3.1
B. papyrifera 44 36.8 4.2
B. pendula 46 30.4 3.4
B. platyphylla 50 31.1 3.2
B. populifolia AA 48 29.1 3.1
B. populifolia HW 38 26.0 2.4
B. pubescens 37 23.4 3.3
B. schmidtii 30 23.7 3.1
B. schugnanica 32 29.6 3.0
B. turkestanica 26 24.4 3.5
B. uber 49 13.3 3.6
B. verracosa 38 21.1 3.3

Figure 1. Percent loss of conductance in black birch (Betula lenta; �,
solid line) and gray birch (B. populifolia; �, dashed line) during
March and April 2006. Error bars show standard errors.
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twigs, t = 4.34, two-tailed P < 0.001).
At both study sites, xylem vessel diameters were signifi-

cantly greater in twigs of black birch than of gray birch. At the
Arnold Arboretum, xylem vessels of black and gray birch had
mean diameters of 33.1 ± 0.7 and 28.1 ± 0.5 µm, respectively
(t = 5.48, two-tailed P < 0.001; n = 120 for each species). At
Hammond Woods, mean diameters for black and gray birch
were 30.6 ± 0.6 and 27.5 ± 0.5 µm, respectively (t = 3.88,
two-tailed P < 0.001; n = 120 for each species). The distribu-
tion of xylem vessel diameters is shown in Figure 3. Because
hydraulic conductivity of a vessel is proportional to its diame-
ter to the fourth power (Hagen-Poiseuille relationship), mean
hydraulic conductivity of gray birch vessels (27.8 ± 0.4 µm)
was thus 59% that of black birch vessels (31.8 ± 0.5 µm).

Temperature-response experiment

In all species, the date of pollen shedding was advanced with
increase in temperature (Figure 4). Black and gray birch were

among the last birch species to reach anthesis, gray birch flow-
ering earlier than black birch at every temperature. Male inflo-
rescence size had no effect on flowering date at any
temperature (P > 0.12 for individual regressions within each
treatment, and P = 0.112 with all treatments considered to-
gether). Percent water content of male inflorescences was pos-
itively correlated with date of anthesis at all temperatures, but
the effect was significant only at 19 °C (as determined by lin-
ear regression: 19 °C, P = 0.032, n = 25; 21 °C, P = 0.15,
n = 26; 11 °C, P = 0.12, n = 24; 6 °C, P = 0.48, n = 10; Fig-
ure 5). Considering all temperatures in a single regression,
with water content and treatments as independent variables,
water content had a significant effect on days to flowering
(r2 = 0.64, P = 0.004). There was no statistically significant ef-
fect of temperature on the relationship between water content
and days to flowering (P > 0.48 for each interaction term).

Discussion

We identified differences in the behavior of black birch and
gray birch during the winter that are likely related to the re-
sponse of flowering date to climate. Frost kill of male inflores-
cences was greater in black birch than in gray birch. Frost kill
reduces the number of male inflorescences during particularly
cold winters, which may explain the delay in date of first flow-
ering in black birch, simply because a reduction in the number
of inflorescences narrows the range of flowering times. Such
an effect of population size has been observed in a study of
flowering times in other plant species (Miller-Rushing and
Primack, unpublished data), and in studies of bird migration
dates (Sparks et al. 2001, Tryjanowski and Sparks 2001).
Freezing damage to inflorescences may be correlated with
damage to twigs or other tree tissues that may delay flowering
by, for example, limiting water movement.

The freezing-induced mortality we observed may have been
caused by ice formation in flower tissues or by xylem embo-
lisms, resulting in desiccation. Water contents of male inflo-
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Figure 2. Air temperature during the study measured at 30-min inter-
vals in 2006.

Figure 3. Distribution of xylem vessel diameters in black birch
(Betula lenta; black bars) and gray birch (B. populifolia; gray bars)
populations at the Arnold Arboretum and Hammond Woods. We mea-
sured 12 vessels × 2 twigs × 5 trees × 2 sites, for a total of 240 vessels
per species.

Figure 4. Effect of temperature treatment on number of days to flow-
ering for male inflorescences of 24 species of birch (Betula). Results
for black birch (B. lenta; �, �, solid lines) and gray birch (B. popu-
lifolia; �, �, dashed lines) are highlighted. Circles and squares de-
note populations growing at Arnold Arboretum and at Hammond
Woods, respectively. Other birch species are shown as thin solid lines.
Several species did not flower in the 6 °C treatment.
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rescences were higher in black birch than in gray birch, which
might have increased their susceptibility to ice formation. Low
bud water content has been shown to protect against freezing
damage in various species (Weiser 1970), including birches
(Rinne et al. 1994, Welling et al. 1997). Comparisons among
species show that those with low bud water contents tend to
have the greatest cold hardiness (Kadir and Proebsting 1994).
Black birch had a higher incidence of twig xylem cavitation
than gray birch, likely reflecting greater xylem vessel diameter
in black birch than in gray birch (Figure 3). Vessel diameter is
related to freeze–thaw cavitation during the winter (Davis et
al. 1999). Davis et al. (1999) found that quite small differences
in vessel diameter (5–45 µm) lead to large differences in sus-
ceptibility to freeze–thaw cavitation. Complete loss of con-
ductivity during the winter might have caused the observed in-
florescence and twig mortality through tissue desiccation.

Additional mechanisms that could underlie the observed ef-
fect of winter temperatures on flowering time in black birch
trees may involve cavitation, root or phloem damage or the
production or translocation of signaling compounds. Xylem
cavitation may impede water transport sufficiently to affect
flowering time. However, root pressure apparently restored
xylem conductivity in both species before the onset of flower-
ing. Strati et al. (2003) also observed that birches growing in
Scotland restore xylem conductivity after overwinter cavita-
tion through the development of root pressure.

Root damage may be responsible, at least in part, for effects
of winter temperatures on flowering times. Many birch species
have shallow root systems, which are thus affected by soil
freezing when there is no snow pack (Cox and Zhu 2003). The
soil depth was shallow at both study sites, and there was no
snow pack for most days during the winter. In yellow birch
(Betula alleghaniensis Britt.), root damage is indicated by re-
duced root pressure and a lack of full recovery from embolism
(Zhu et al. 2000, Cox and Zhu 2003). However, in our study,

both black and gray birches developed root pressure and
achieved full recovery from xylem embolism before the onset
of flowering, indicating that root damage was unlikely to have
affected flowering times in either species.

Interspecific differences in flowering-related hormones, en-
zymatic activities or other signaling compounds may contrib-
ute to the difference between black and gray birch in flowering
responses to winter temperature. The role of biochemical sig-
nals in sensing winter temperatures and determining flowering
time is increasingly well documented in herbaceous plants
such as Arabidopsis (Bernier et al. 1993, Henderson and Dean
2004, Kim et al. 2004, Sung and Amasino 2004); however, it is
less well understood in woody plants (Arora et al. 2003).
Freezing damage to the phloem may influence flowering
times, because several signaling compounds and carbohy-
drates required for flowering are transported by the phloem
(Corbesier and Coupland 2006).

One implication of our results is that more black birch inflo-
rescences will survive the winter if winter temperatures con-
tinue to warm, leading to an increased duration of flowering.
As a result, the overlap in the flowering times of black birch
and gray birch may increase, even if the mean dates of flower-
ing do not change.

The high incidence of frost kill of flowers and branches may
limit the northern range of black birch, as it does for many
other species (Prentice et al. 1992). If winters warm in the
Northern Hemisphere, the ranges of these species may expand
northward. Individuals at the northern edge of the range may
reproduce more prolifically in years following warm winters;
although, warmer winters could lead to increased mortality in
some northern species by increasing freezing damage and the
number of freeze–thaw cycles that cause cavitation (Zhu et al.
2000, Cox and Zhu 2003). The migration of tree populations
will also depend on seed germination and seedling survival,
which are highly temperature-dependent.

In conclusion, our results suggest that in cold years, mortal-
ity of male inflorescences delays first flowering in black birch.
Other mechanisms, such as freezing effects on the supply of
signaling compounds or phloem function, may also contribute
to effects of winter temperatures on flowering dates. In con-
trast, gray birch experiences little male flower mortality and
shows no dependence of first flowering date on winter temper-
ature. We have identified freezing-induced cavitation as a pos-
sible mechanism for freezing mortality in black birch male in-
florescences, although ice formation in flower buds or other
mechanisms may also have caused, or contributed to, the ob-
served mortality.
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Figure 5. Effect of temperature treatment on the relationship between
percent water content of male inflorescences and days to flowering in
24 species of birch (Betula). The relationship was significant only in
the 19 °C treatment (r2 = 0.19, P = 0.032; �, dashed line). Other treat-
ments: 21 °C = �, solid line; 11 °C = �, dotted line; and 6 °C = �,
dot-dashed line.
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