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Abstract The phenology of sprouts (>1 year old, up
to 1.5 m in height) and seedlings (<1 year old) of six
woody species (four deciduous, one brevi-deciduous, and
one evergreen) was examined during the dry season in
a tropical deciduous forest of South India. Xylem water
potential (�x), leaf relative water content (RWC; % turgid
weight), and xylem specific conductivity (KS; kg s−1 m−1

MPa−1) of sprouts were measured on two occasions during
the dry season. In addition, KS of seedlings (<1 year old) of
one deciduous and one evergreen species was determined
to allow comparison with sprouts. �x of deciduous species
was significantly higher at the second sampling date and
was accompanied by a significant increase in KS and
RWC, while the brevi-deciduous and evergreen species did
not show any difference in �x. Seedlings of Terminalia
crenulata (deciduous) and Ixora parviflora (evergreen)
had significantly lower KS compared to sprouts, while
seedlings of all four deciduous species shed their leaves
much earlier in the dry season than did conspecific sprouts.
More favorable water relations of sprouts compared to
seedlings during the peak of the dry season may explain the

S. Saha (�)
Department of Biological Sciences M/C 066,
University of Illinois at Chicago,
Chicago, IL 60607-7060, USA;
3085 Biological Laboratories,
16 Divinity Avenue,
Cambridge, MA 02138, USA
e-mail: sonali@bio.miami.edu
Tel.: +1-617-4963580

H. BassiriRad
Department of Biological Sciences M/C 066,
University of Illinois at Chicago,
Chicago, IL 60607-7060, USA

G. Joseph
Ashoka Trust for Research in Ecology and the Environment,
659 5th A Main Road,
Hebbal, Bangalore, 560024, India

lower rates of die-back and mortality of sprouts observed
in dry deciduous forests of India.
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Introduction

Tropical dry forests are the most threatened of lowland
tropical forests (Mooney et al. 1995). Anthropogenic ac-
tivities such as grazing cattle and using fire to clear land
have led to a significant loss in tree diversity by killing juve-
nile individuals and slowing regrowth (Cavelier et al. 1998;
Gillespie et al. 2000; Saha and Howe 2003). A large per-
centage of stems in dry deciduous forests grow as sprouts
from the base of stems that have died-back due to fire or
grazing (Bond and Midgley 2001). Sprouts are predicted
to have an advantage over true seedlings in a highly sea-
sonal environment due to their connection to an established
root system. Nevertheless, the water relations of sprouts in
seasonally dry forests have received little attention.

The primary objective of this study was to compare
the phenology and water status of conspecific sprouts and
seedlings during the dry season. Six species with contrast-
ing phenological patterns were examined, although only
two species had sufficient numbers of seedlings for collec-
tion of the tissues needed for xylem water potential (�x),
stem hydraulic conductivity and leaf relative water con-
tent (RWC) measurements. We predicted that seedlings
and sprouts would differ in vegetative phenology due to
differences in root system morphology. Establishment rep-
resents a critical phase in the life cycle of any plant and
thus differential responses to seasonal drought will have a
disproportionate effect on species diversity. Thus, under-
standing factors influencing regeneration of seedlings and
sprouts contributes to our overall understanding of the re-
silience of these forests to both anthropogenic disturbance
and climate change (Corlette and LaFrankie 1998; William
et al. 2003).
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Materials and methods

The study was conducted in Biligiri Rangaswamy Wildlife
Sanctuary (11–13◦N and 77–78◦E) in the state of
Karnataka in South India. The primary vegetation type
within the sanctuary is dry deciduous forest and the cli-
mate is tropical monsoonal, with most of the 1,484 mm of
annual precipitation occurring between May and Novem-
ber (Murali et al. 1996). Sampling was confined to two dry
deciduous forest patches located 3 km apart. Six species
belonging to three phenological categories were sam-
pled: Diospyros melanoxylon Roxb. (Ebenaceae), Emblica
officinalis Gaertn. (Euphorbiaceae), Pterocarpus mar-
supium Roxb. (Fabaceae), and Terminalia crenulata Roth.
(Combretaceae) are deciduous tree species that as adults
are leafless for 2–4 months; Ixora parviflora Vahl (Ru-
biaceae) an evergreen tree in which leaf-shedding is not
associated with the dry season; and Acacia pennata (L.)
Willd. (Fabaceae) a brevi-deciduous liana that is leafless
for 1 month.

All measurements were made in the mid-dry season
(February and March). This time period was selected be-
cause it encompasses the period when adult trees of decid-
uous species both shed their old leaves and produce new
ones. Both the months were rainless but the average midday
temperature in March is higher than in February (Saha and
Hiremath 2004). At the time of this study no systematic data
on the phenology of juvenile plants of these species were
available. Juveniles were classified into two categories: tree
seedlings <1 year old (based on morphology) and sprouts
>1 year old up to or <1.5 m in height. It was impossible
to distinguish between seedlings and sprouts of A. pen-
nata due to aboveground damage inflicted by herbivores,
and thus all individuals of this species were assumed to be
sprouts.

Phenology

Observations on leaf phenology were made on 20 individ-
uals of both sprouts and seedlings at 2-week intervals start-
ing from the first week of February until the last week of
March. At each sampling interval, each individual was clas-
sified as having healthy (green), senescing (yellow/brown),
expanding, or no leaves.

Shoot water potential

Measurements of �x were made on sprouts of all six
species during 10–15 February and 17–20 March. Midday
�x was measured with a pressure chamber (PMS Instru-
ments, Corvallis, Oreg.) on five stems per species. Sampled
individuals were at least 5 m apart. One leaf-bearing twig
per stem was covered with a plastic bag for 1 h prior to ex-
cision to ensure equilibration between leaf water potential
and �x of the shoots. Values of �x were log transformed
and compared between February and March using a
t-test.

Relative water content

RWC of sprouts was measured on leaves collected from
four to five stems per species. Stems were cut in the morning
at 7 a.m., wrapped in plastic bags to prevent water loss, and
transported to the laboratory. Leaves were removed in the
laboratory, and their fresh weight determined. Saturated
weight was measured after allowing leaves to soak in water
for 24 h. Leaves were then oven-dried at 80◦C and re-
weighed. RWC was calculated following Turner (1981) as:

RWC = (fresh weight − dry weight)/(saturated weight

− dry weight) × 100.

RWC values were arcsine transformed and comparisons
were made for each species between the 2 months using a
t-test.

Xylem hydraulic conductivity

Measurements of xylem hydraulic conductivity were made
on sprouts of all six species during 10–15 February and
17–20 March. In addition, xylem hydraulic conductivity of
seedlings of I. parviflora and T. crenulata was measured
in March, which allowed comparisons of seedlings and
sprouts of these two species. Fifteen stems per species were
sampled. We determined xylem specific conductivity (KS)
of stems as Ks=JL/�PA, where J is the flow rate (kg s−1),
L is the length of the stem segment (m), P is the pressure
drop across the segment (MPa), and A is the cross-sectional
area of the xylem (m2). A was obtained by subtracting the
cross-sectional area of the pith, measured with callipers,
from the total stem cross-sectional area. Stems were cut
under water to prevent air from entering the xylem and the
cut ends were kept immersed in water during transport to
the laboratory. The time between cutting and measuring
hydraulic conductivity was approximately 30 min.

Once in the laboratory, the stem segments were re-cut
under water and connected to a reservoir of dilute HCl
(pH 2) with a pressure head of 50 cm (5 kPa). The
HCl solution was perfused through the stem segments
and collected from the distal end into Eppendorf tubes,
which were weighed periodically on an electronic balance
(±0.001 g). Stem segments ranged between 5 and 10 cm
in length, which was, in all cases, longer than the longest
vessel length, determined as described in Scholander
(1958). Sprout KS measured between February and March,
and seedling and sprout KS measured for two species in
March were compared using t-tests.

Results

Leaf phenology

All sprouts had healthy leaves in February, although leaves
of P. marsupium, E. officinalis, and T. crenulata had started
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to senesce as indicated by a change in their coloration. By
the end of March the sprouts of these three species had
dropped 50–100% of their leaves accompanied by new leaf
production. In contrast, sprouts of brevi-deciduous A. pen-
nata and evergreen I. parviflora, as well as the deciduous
D. melanoxylon had healthy leaves in March with no in-
dication of leaf senescence. Seedlings of P. marsupium,
E. officinalis and D. melanoxylon had a combination of
healthy and senescing leaves in February and were leafless
in March, seedlings of I. parviflora had healthy leaves both
in February and March, while seedlings of T. crenulata had
healthy leaves in February and a combination of healthy
and senescing leaves in March.

Xylem water potential

Midday �x of the sprouts of the four deciduous species
were significantly greater in March than in February. In
contrast, evergreen I. parviflora and brevi-deciduous A.
pennata did not exhibit significant differences in midday
�x between February and March (Table 1).

Relative water content

Leaf RWC of sprouts increased from February to March
in D. melanoxylon, E. officinalis, P. marsupium and T.
crenulata (Table 1), with a significant increase only for P.
marsupium (P<0.01, df=9). No significant difference was
found between the 2 months for the evergreen I. parviflora
and brevi-deciduous A. pennata.

Xylem hydraulic conductivity

Between February and March, KS increased significantly in
sprouts of the four deciduous species: E. officinalis (n=15,
P<0.05), T. crenulata (n=15, P<0.01), D. melanoxylon
(n=15, P<0.01), and P. marsupium (n=15, P<0.01). In
contrast, there was no significant change in KS for either
the evergreen I. parviflora or brevi-deciduous A. pennata
(Table 1).

Xylem hydraulic conductivity of T. crenulata seedlings
was significantly lower than in sprouts (n=5 each, P<0.01).

Fig. 1 Xylem specific conductivity (KS) of sprouts and seedlings of
evergreen Ixora parviflora (upper panel) and deciduous Terminalia
crenulata (lower panel) in March at the peak of the dry season. For
both species, KS was significantly lower in seedlings compared with
sprouts. Data are means±SEs

The same trend existed for I. parviflora seedlings compared
to sprouts (n=5 each, P<0.01, Fig. 1).

Discussion

The results of this study concur with the findings that trees
in tropical deciduous forest are not completely dormant
even during the peak of the dry season (Borchert 1994;
Brodribb et al. 2002). Water status improved with the
severity of the dry season among sprouts of the deciduous
species. Similar reports of improved water status following

Table 1 Xylem specific conductivity (KS; kg m−1 s−1 MPa−1) and xylem water potential (�x, MPa) of shoots and relative water content
(RWC) among sprouts in February and March. Values are means±SEs

Species Phenology February March February March February March
�x RWC KS

Acacia pennata Brevi-deciduous liana −2.63±0.01 −2.77±0.15 0.93±0.04 0.95±0.01 1.66±0.001 1.62±0.006
Diospyros melanoxylon Deciduous tree −1.67±0.12** −0.71±0.21 0.53±0.08 0.60±0.05 0.04±0.009** 0.08±0.004
Emblica officinalis Deciduous tree −1.12±0.06** −0.54±0.12 0.58±0.13 0.73±0.08 0.06±0.003* 0.08±0.001
parviflora Evergreen tree −1.09±0.20 −1.15±0.15 0.84±0.08 0.80±0.12 0.77±0.002 0.74±0.140
Pterocarpus marsupium Deciduous tree −1.94±0.18** −0.38±0.05 0.19±0.07** 0.83±0.06 0.10±0.004** 1.33±0.040
Terminalia crenulata Deciduous tree −1.89±0.17** −1.03±0.18 0.58±0.60 0.79±0.17 0.07±0.002** 0.80±0.005

*P<0.05, **P<0.01
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leaf shedding have been reported for deciduous trees in
Costa Rica (Borchert 1994; Brodribb et al. 2002), and
deciduous species in monsoonal savannas of Australia that
rehydrated and initiated leaf expansion before the arrival
of the rainy season (Williams et al. 1997).

The midday �x observed in the juvenile stems was not as
low as among species occurring in Mediterranean ecosys-
tems (<−7 MPa among sclerophyllous shrubs; Hart and
Radosevich 1987), or among adult trees in tropical decid-
uous forests of Mexico (<−4 MPa in the late dry season;
Fanjul and Barradas 1987), and Costa Rica (<−4 MPa,
Borchert 1994), but was within the range reported for de-
ciduous species that rehydrate after leaf-fall is complete
(Borchert 1994). Water potential values increased for all the
deciduous species as the dry season intensified. In contrast,
there was no change in leaf water potential in the brevi-
deciduous and evergreen species during the same period.

The lianaA. pennata had the greatest KS among all the
species in the study. Ewers (1985) and Gartner et al. (1990)
found that the specific conductivity among morpholog-
ically diverse species was greatest for climbers and at-
tributed this to greater xylem conduit diameter among the
liana species they studied. Xylem conduit diameter was
greatest for A. pennata compared with all the species sam-
pled in the present study, but precise measurements of max-
imum vessel diameter were not undertaken. Hydraulic con-
ductivity rose by as much as eightfold for all species as the
dry season progressed. Thus the increase in KS paralleled
the increase in water potential and initiation of leaf flushing
in all four deciduous species. Whether this increase in KS
is due to the production of new xylem or the re-filling of
cavitated vessels is not known.

Seedling KS measured in March was significantly lower
than KS of conspecific sprouts in both the evergreen species,
I. parviflora, and the deciduous species, T. crenulata. This
could be due to differences in age and morphology of
seedlings and sprouts. Height growth of sprouts remains
arrested for several years, during which time they continue
to accumulate root biomass, which allows them to extract
water from deeper soil layers. In contrast, the seedlings
belonging to the same height class are much more limited
in their water extraction ability because their root systems
are less well developed. Seedlings had lost 75% of their
leaves in March and, unlike the sprouts, had not initiated
leaf flushing.

The fact that the water status of juvenile sprouts improved
during the dry season has implications for understanding
the response of tropical dry forests to disturbance. Exper-
imental studies of Mediterranean ecosystems suggest that
water potentials of resprouting vegetation are less negative
than in adjacent unburned vegetation (Hart and Radosevich
1987; Shelden and Sinclair 2000). Anthropogenic fires,
which occur frequently in the dry season in the seasonal
tropical forests of India lead to stem die-back of sprouts, but
rarely kill the entire plant. In contrast, seedlings are often
killed, with their numbers significantly reduced following
fire (Saha and Howe 2003). It is possible that sprouts, which
are less vulnerable to seasonal drought, can withstand fire
better than seedlings because the interactive effect of fire

and drought has a more negative impact on seedlings than
sprouts.

This study represents the first demonstration of rehy-
dration among juvenile trees in the dry season in a dry
deciduous forest of India. However, to achieve a better
understanding of plant water relations and diversity of re-
sponses among woody species in the dry forests, the water
relations of a wider variety of species should be assessed
during the different seasons of the year. It is also important
to determine if seedlings suffer a loss of xylem hydraulic
conductance due to cavitation, and to what degree this can
be repaired as the dry season progresses.
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