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Abstract

Background: Progress of forest production in response to the environment requires a quantitative understanding
of leaf area development. Therefore, it is necessary to investigate the dynamics of seasonal crown foliage in order
to understand the productivity of mangroves, which play an important role in the subtropical and tropical
coastlines of the world.

Method: Crown foliage dynamics of the mangrove Rhizophora stylosa were studies to reveal patterns of leaf
recruitment, survival and seasonal leaf area growth.

Results: Flushing of leaves occurred throughout the year, but both flushing and leaf area growth pattern of leaves
varied with season. Maximum flushing occurred in summer, but leaf areas did not differ significantly with season.
The half-expansion period is longer, and the intrinsic rate of increase was lower in winter. Summer flushed leaves
grew faster at their initial stage and reached their maximum area over a shorter period of time. The difference in
temperature and air vapor pressure deficit (VPD) between summer and winter contributed to the present dynamics
of foliage patterns. The mean leaf longevity was estimated to be 13.1 month. The crown foliage area was almost
stable throughout the year.

Conclusions: Homeostatic control of the crown foliage area may be accompanied by the existence of
ecophysiological mechanisms in R. stylosa. Integrating crown foliage dynamics into forest models represents an
important step towards incorporating physiological mechanisms into the models for predicting growth responses
to environmental changes and for understanding the complex responses of tree growth and litter production.
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Background
Mangroves are woody plant communities that are almost
exclusively tropical (Saenger 2002), with some outliers in
subtropical latitudes, notably southern Florida (USA),
South Africa, Victoria (Australia) and southern Japan
(Tomlinson 1986). Mangroves have important ecological
value due to their high productivity in the form of leaf
litterfall. Studies of canopy foliage dynamics can inform
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estimates of forest productivity (Parker 1995; Osada et al.
2001). Appearance, expansion and duration of individual
leaves are critical determinants of canopy growth and de-
velopment. Leaf area expansion is one of the fundamental
processes of plant growth (Terrys et al. 1983). Several
studies on leaf area expansion of temperate angiosperms
(Kozlowski and Clausen 1966) suggest variations based on
the type of shoots and the environment to which they are
exposed (Kozlowski 1971). The importance of leaf area in
controlling the rate of growth of plant dry mass has long
been appreciated (Gregory 1921). However, few field ex-
periments have investigated the effects of environmental
factors on leaf area expansion. In the markedly seasonal
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temperate and boreal forest biomes, trees of most species
have leaf phonologies, life spans (if deciduous) and
demographies synchronized with seasonal patterns. A
similar linkage of tree species phenology with seasonal-
ity occurs in many, but not all, species in decidedly
seasonal tropical forests and woodlands (Shukla and
Ramakrishnan 1984; Reich et al. 1995; Williams et al.
1997). In contrast, in relatively small changes in sea-
sonal environments, phenology, longevity and demog-
raphy may be asynchronous within and among different
species (Borchert 1980).
The phenological clarification of their life histories and

developmental processes is helpful for understanding not
only the dynamics of crowns, but also the productivity of
forests. To monitor continuous changes in leaf areas and
their subsequent growth, a modeling approach is essential.
Leaf area growth and leaf survival are important factors
that determine how plants will function. Leaf longevity
may be considered a balance between lifetime carbon gain
of a leaf and its construction and maintenance costs
(Chabot and Hicks 1982; Reich et al. 1991). The balance
between leaf loss due to litterfall and leaf gain as a factor
in production is important in the maintenance of crown
foliage dynamics, which regulate the primary productivity
of mangrove forests. It is reported that light availability af-
fects the life span of leaves directly via a plastic response
(i.e., acclimation) (Ackerly and Bazzaz 1995; Miyaji et al.
1997) and indirectly via adaptation to the life span of trees
(Coley 1988). This life span is an important historical trait
of plants with respect to their growth and response to
light, nutrient availability, drought, herbivory, air pollution
and other factors (Monk 1966; Small 1972; Chapin 1980;
Gray and Schlesinger 1983; Reich 1987; Coley 1988). On a
larger scale, the life span of leaves is an important variable
in comparing stand-level productivity, nutrient cycling
and decomposition between evergreen and deciduous
forests (e.g., Bray and Gorham 1964; Gosz 1981; Vogt
et al. 1987; Sprugel 1989; Gower and Richards 1990).
Nevertheless, few studies of these phenomena have been
reported in mangrove species.
Mangroves on Okinawa are located in the subtropics,

near the northern limit in latitude of these trees in East
Asia, where mangrove communities cope with substan-
tial seasonal changes in environmental conditions (Suwa
et al. 2006, 2008; Hoque et al. 2010). Many studies have
examined seasonal patterns of mangrove productivity and
phenology in relation to environmental factors (Wium-
Andersen 1981; Duke et al. 1984; Slim et al. 1996; Wafar
et al. 1997; Chen et al. 2009; Kamruzzaman et al. 2012a, b,
c; Sharma et al. 2012a, b). Phenological observations on
and estimations of vegetative development in mangroves,
such as leaf recruitment and loss, take leaf turnover and
leaf longevity into account (Gill and Tomlinson 1971;
Wium-Andersen and Christensen 1978; Wium-Andersen
1981; Duke et al. 1984; Analuddin et al. 2009; Sharma
et al. 2010).
We anticipate that climatic and environmental factors

influence leaf area growth and production on Okinawa
mangroves, and examined crown foliaged dynamics under
the influence of marked seasonality. Thus, the objectives
of this study were to investigate the dynamics of crown fo-
liage of the mangrove species Rhizophora stylosa in terms
of leaf recruitment, survival and area growth pattern, and
to infer mechanisms involved in the maintenance of
crown foliage dynamics.

Methods
Study area and climate conditions
The present study was conducted in a mangrove for-
est (26°11′–38°31′N and 54°33′–127°40′E) of Manko
Wetland, Okinawa Island, Japan (Figure 1). This wetland
is an important area for migratory birds and has, since
1999, been registered as a RAMSAR site and, as well, des-
ignated as a special wildlife sanctuary by the Ministry of
the Environment, Japan. Most of the wetland is a mudflat,
which exposed at low tide. The average salinity of the
study area is 2.96% ± 0.23%. The study site is 1.4 m
above mean sea level and experiences tidal inundation
during high tides. Mangrove forest distributed along the
southern shore. The pioneer mangrove Kandelia obo-
vata (S., L.) Yong is the dominant species in the study
site, and there are a few closed canopy patches of Rhizo-
phora stylosa Griff., Bruguiera gymnorrhiza and Excoe-
caria agallocha L.
Figure 2 is a Walter-type climate diagram, representing

mean monthly temperatures and rainfall (2000–2009) in
the southern part of Okinawa Island. The mean monthly
minimum and maximum temperatures, respectively, are
16.7°C ± 0.3°C (mean ± SE) in January and 29.1°C ± 0.2°C
in July. The mean annual temperature is 23.3°C ± 1.3°C.
The heat index was 219.8°C ± 15.4°C month, within the
range of 180°C to 240°C month of subtropical regions as
defined by Kira (1991). The mean monthly rainfall is
over 100 mm throughout the year except in January,
which has 99.3 mm ± 18.0 mm and December with
86.7 mm ± 15.9 mm of rain per month. The mean an-
nual rainfall is 2104.9 mm ± 25.0 mm. Typhoons with
strong winds and rains frequently strike the island be-
tween July and October. During the study period from
April 2008 to March 2009 the study site did not experi-
ence any significant rain or wind event which might
have altered litterfall.
Figure 3 shows the change in the mean monthly air

vapor pressure deficit, VPD (=100 × VP/RH – VP), where
VP is the mean monthly vapor pressure (hPa) and RH
the mean monthly relative humidity (%) during our study
period. The highest VPD was 11.5 hPa in July and the low-
est 6.44 hPa in March.



Figure 1 Location of study area. The hatched area indicates the mangrove area. The closed circle indicates the Rhizophora stylosa stand.
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Plot establishment, tree census and litterfall collection
Five 4 × 4 m plots were established in a specific monocul-
ture R. stylosa stand, with a completely closed canopy. All
individual trees in each of the plots were counted and
numbered. Growth parameters, such as tree height H and
diameter at breast height (DBH) were measured in March
2008. Within each of the five plots two litterfall traps with
a mouth area of 0.2 m2 each were placed 1 m above the
soil surface in the R. stylosa stand. The litterfall traps were
emptied monthly from April 2008 to March 2009, when
we sorted the litterfall into leaves, stipules, flowers,
propagules and branches. The litterfall was dried by sort
to a constant mass at 80°C over a 48 h period and then
weighed.
Leaf recruitment, survival and growth
As part of the tree census, a relatively tall tree with H
4.32 m and DBH 5.46 cm, was selected to observe leaf
recruitment and survival (Figure 4). Infrastructure and
manpower limitations restricted sampling to only one tree
with 62 primary branches and 2674 leaves. Newly flushed
leaves were labeled and counted each month. We obtained
the total number of surviving and dying leaves on a
monthly basis. The survival of leaves flushed each month
was calculated by dividing the number of surviving leaves
by the total number of leaves flushed during that month.
The leaf area growth process was tracked by randomly

selecting 10 newly flushed leaves in each season. Their
length and width were measured every three days until



Figure 2 Walter-type climatic diagram for ten years (2000–
2009). Mean annual temperature: 23.3°C, mean annual rainfall:
2104.9 mm∙year−1. The data were taken from the Okinawa
Meteorological Observatory, Naha, Okinawa.
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they reached their maximum. In order to develop a
standard allometric equation, we measured leaf areas of
the samples with an image scanner (Canon D2400U,
Japan) and image analyzing software (Scion, Frederick,
Md). As shown in Figure 5, the following allometric
Figure 3 Seasonal changes in mean monthly air vapor pressure
deficit (VPD) during the study period from April 2008 to March
2009. VPD values were calculated on the basis of the data taken
from the Okinawa Meteorological Observatory, Naha, Okinawa.

Figure 4 Profile of mangrove Rhizophora stylosa sample tree.

Figure 5 Allometric relationship of leaf area u as a function of
length l and width w. Eq. (1) represents the straight line
(R2 ≅ 1.0).



Figure 6 Seasonal variations in stipule (open columns) and leaf
(closed columns) in the subplots (A) and in leaf recruitment
(open columns) and leaf death (closed columns) of a sample
tree (B). Litter fall data are shown by mean ± SE.
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relationship of leaf area u (cm2) as a function of leaf
length l (cm) times width w (cm) was obtained:

u ¼ 0:7201 lwð Þ1:003 ð1Þ

The area of surviving leaves was estimated using this
allometric relationship.
The area of old leaves present at the beginning of

April 2008 was estimated assuming that these old leaves
flushed in different seasons and have already reached
their maximum areas. Therefore, the total area of old
leaves was calculated by multiplying the mean area of
leaves by the number of old leaves remaining in each
month. In addition, leaf recruitment and death were es-
timated indirectly on the basis of stipule litterfall (an in-
dicator of newly flushed leaves) and leaf litterfall using
litter traps.

Seasonal changes in crown leaf area
Crown leaf area C(t) at any given month t was calculated
from the following equation (Analuddin et al. 2009):

C tð Þ ¼
Xt

τ¼0
Rτ ⋅ Sτ t−τð Þ ⋅ uτ t−τð Þ t≥τð Þ ; ð2Þ

where Nτ is the number of leaves flushed at any
month τ before month t, Sτ(t − τ)is the probability that
the leaves will survive during period t − τ month and
uτ(t − τ) the mean leaf area of leaves just after a period
of t − τ months.

Data analyses
A one-way ANOVA was performed to compare means
and Tukey’s HSD test was used for subsequent multiple
comparisons using SPSS (Ver. 18.0 J, SPSS Inc., USA).
The coefficients of our nonlinear equation were deter-
mined with the analytical statistical software KaleidaGraph
(Ver. 4.1, Synergy Software, USA).

Results
Stand structure, leaf recruitment and death
Mean tree density, mean H and mean DBH of the trees
in the studied Rhizophora stylosa closed canopy stand
were 2.26 m−2 ± 0.14 m−2 (SE), 3.93 m ± 0.72 m and
4.16 cm± 3.70 cm, respectively. Seasonal changes in leaf
recruitment and death, and in stipule and leaf litterfall are
shown in Figure 6. The maximum stipule litterfall suggests
that the flush of new leaves occurred in June (Figure 6A)
and subsequently the maximum leaf recruitment was re-
corded in July (Figure 6B), while both maximum leaf lit-
terfall (Figure 6A) and leaf death (Figure 6B) occurred in
July. Leaf recruitment reached its minimum in January
and stipule litterfall in February, while leaf death reached
its minimum in December minimum leaf litterfall in
January. These results clearly suggest that these indirect
measurements of seasonal patterns, i.e., stipule and leaf
litterfall, are excellent and reliable of direct measure-
ments, i.e., leaf recruitment and death.
Leaf survival
The monthly survival of leaves flushing during our ex-
perimental period is shown in Figure 7. The survival of
new leaves most likely depends on the month when the
leaves flush. As shown in the figure, it is clear that the
survival, i.e., the probability that newly flushed leaves
will survive during any given time interval, was lowest
for leaves flushing in April to July and tended to in-
crease thereafter.



Figure 8 Survival S(t) of the total number of leaves alive at the
beginning of April 2008 over time t (R2 = 0.99).

Figure 7 Monthly survival of flushed leaves.
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Leaf longevity
Relative mortality rate (RMR), indicates the number of
leaves dying per unit number of leaves alive at a time t
(Analuddin et al. 2009) as follows:

RMR ¼ lim
Δt→0

R⋅ S tð Þ−S t þ Δtð Þf g
R⋅S tð Þ⋅Δt

¼ −
1

S tð Þ
dS tð Þ
dt

¼ −
d lnS tð Þ

dt
;

ð3Þ

where R is the number of new leaves at time t = 0 and
their survival S(t) (S(0) = 1).
Therefore, the RMR during any period Δt is calculated

from the following equation:

RMR ≅
lnS tð Þ− lnS t þ Δtð Þ

Δt
ð4Þ

The survival of the total number of leaves at the end
of April 2008, i.e., at the start of the experiment, is
shown Figure 8. It is apparent from this figure that the
RMR is constant (=μ). Following Eq. (3), the survival S(t)
can be expressed in the form:

S tð Þ ¼ e−μ ⋅ t ð5Þ

We estimated the constant μ to be 0.0766 month−1.
On the other hand, the probability L(t) that leaves die

in month t takes the form:

L tð Þ ¼ 1−S tð Þ ¼ 1−e−μ ⋅ t ð6Þ
Hence, the probability density function l(t) of leaf lon-

gevity t is derived as follows
l tð Þ ¼ dL tð Þ
dt

¼ μ⋅e−μ ⋅ t ð7Þ

As a result, mean leaf longevity E[t] is

E t½ � ¼
Z ∞

0
t ⋅ l tð Þdt ¼ 1

μ
ð8Þ

Therefore, the overall mean leaf longevity of our R.
stylosa leaves was estimated to be 13.1 months.

Seasonal patterns of leaf area growth
The mean leaf area growth of leaves flushed in different
seasons varied (Figure 9) with leaves flushing in winter
taking a longer time (almost 90 d) to reach their max-
imum leaf area size. On the other hand, leaves flushing
in summer and autumn grow fast at the beginning to
reach a point of inflection (around 30 d) on the growth
curve, gradually approaching a maximum by day 90.
Leaves flushing in the spring take almost 45 to 60 d to
reach their inflection point on the growth curve. Al-
though the growth of leaf area varies among leaves
flushing in different seasons, the growing area of a sin-
gle leaf (u) can be formulated by the following logistic
growth curve:

u ¼ U
1þ k ⋅ e−λ ⋅ t ð9Þ

where U is the maximum leaf area, λ the intrinsic rate
of increase and k a constant. Assuming Eq. (9), the
half-expansion period t*, which is the time necessary



Figure 9 Area growth u of leaves over time t in different seasons. Eq. (9) represents our curves (R2 = 0.99). Data are shown with mean ± SE.
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for a leaf area to reach one-half of its maximum, is de-
fined as follows:

t� ¼ lnk
λ

ð10Þ

Equations 8 and 9 are used to express leaf area growth
and half of the expansion period for two other man-
grove species, i.e., Kandelia obovata (Analuddin et al.
2009) and Bruguiera gymnorhiza (Sharma et al. 2010).
As shown in Figure 10, the half-expansion period t* and
intrinsic rate of increase λ varied significantly among
seasons, but the maximum leaf area U remained fairly
steady and did not show any significant difference among
the seasons (Figure 10A). The t* value was significantly
longer in winter than the summer (p = 0.06) and autumn
(p = 0.002), while it did not show a significant difference
with the spring season (p = 0.81) (Figure 10B). The λ
value of winter showed a significant difference with
summer and spring (p < 0.0001) seasons, but the spring
and autumn seasons did not show a significant differ-
ence (p = 0.14) (Figure 10C). It can therefore be con-
cluded that leaves flushing in the summer grow initially
faster and attain their maximum leaf area sooner than
those flushing in winter.
Seasonal changes in crown leaf area
Crown leaf area C(t) at any given month t was calculated
from Eq. (2), where Rτ is the number of leaves flushed at
month τ before month t (Figure 6A), Sτ(t − τ) the prob-
ability that the leaves will survive during any monthly
period t − τ (Figure 7), and uτ(t − τ) is the mean leaf area
of the leaves just after the monthly period t − τ (Figure 9).
Seasonal changes in crown leaf areas of our Rhizophora
stylosa sample tree are illustrated in Figure 11, showing
the fraction of crown leaf area of the old and new leaves
in different months. The contribution of old leaves to
crown area decreased progressively with crown growth as
new leaves progressively contributed more than 80% of
the total crown foliage area. The crown leaf area was al-
most stable over the year, with a mean value of 9.98 m2 ±
0.17 m2 (SE), reaching a maximum of 10.63 m2 in October
and a minimum of 8.65 m2 in April.
Discussion
Seasonal patterns of leaf recruitment (Figure 6A) in R.
stylosa are highly correlated (r = 0.88, p < 0.01) with
those of stipule litterfall (Figure 6B), while seasonal pat-
terns of leaf death (Figure 6A) in this species also corre-
lated (r = 0.82, p < 0.01) well with those of leaf litterfall
(Figure 6B). In R. stylosa leaves that flushed in summer



Figure 11 Seasonal change in crown leaf area.

Figure 10 Seasonal variations of maximum leaf area U (A),
half-expansion period t* (B) and intrinsic rate of increase λ (C).
Data are shown as mean ± SE. The same letters implies no
significant difference at a significance level of 0.05.
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represented 38.1% of the annual total, whereas only 15.8%
flushed in winter (Figure 6A). A similar seasonal trend in
leaf recruitment in K. obovata was recorded (Gwada et al.
2000; Analuddin et al. 2009; Kamruzzaman et al. 2012a).
Hardiwinoto et al. (1989) and Kamruzzaman et al. (2012c)
also reported a similar seasonal trend in B. gymnorhiza,
with the highest values in summer and the lowest in
winter. Leaf recruitment and stipule litterfall of R. sty-
losa, B. gymnorhiza and K. obovata species on Okinawa
are strongly correlated with the mean monthly air
temperature and hours of sunshine (Sharma et al. 2012b).
These results are also supported by Kamruzzaman et al.
(2012a), who reported that leaf and stipule litterfall from
K. obovata are highly correlated with monthly hours of
sunshine and mean air temperature. All these observa-
tions are consistent with temperature-dependent sea-
sonal growth in mangroves at the latitudinal limits
(López-Portill and Ezcurra 1985; Saenger and Moverley
1985; Duke 1990). Wilson and Saintilan (2012) also
found clear seasonal patterns in leaf production for
mature R. stylosa in NSW, Australia. We measured the
lowest leaf recruitment rates during winter, with pro-
gressive increases into summer (Figure 6A). These find-
ings are congruent with those of Gill and Tomlinson
(1971) and Parkinson et al. (1999), who reported that
leaf fall and leaf production are low in subtropical re-
gions during the winter season. Decreases in leaf pro-
duction in winter may be caused by stresses induced by
low temperatures.
In the present study the mean leaf longevity (direct

method) of R. stylosa was 13.1 months (Figure 8). Sharma
et al. (2012b) reported estimated mean leaf longevity for
R. stylosa, B. gymnorhiza and K. obovata of 13.9, 17.2 and
12.1 months in the same study area using leaf mass and a
leaf litterfall ratio (indirect method). Both direct and in-
direct methods are showing almost the same results for
mean leaf longevity. Mangrove leaf longevity is probably
linked to internal and external factors, such as salt con-
centration, changes in nutrient concentration, leaf mass
and area and herbivory among others. Christensen and
Wium-Andersen (1977) reported 18-month leaf longev-
ity in Rhizophora apiculata Bl. growing in Thailand.
Saenger (2002) also reported 18 months leaf longevity of
the same species in Gladstone, northeastern Australia.
Wilson and Saintilan (2012) reported a range of apparent
minimum leaf life spans of 13 to more than 41 months for
R. stylosa in NSW, Australia. According to Wang and Lin
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(1999), the life span of B. gymnorhiza leaves in China is
approximately 9 or 10 months. Leaf longevity of seedlings
of this species growing in gaps and closed canopies in
Thailand is 1.53 and 1.41 years, respectively (Imai et al.
2009); these values in seedlings can be attributed to low
rates of leaf loss and high levels of leaf production. Wright
et al. (2004) recorded leaf longevity for as little as a few
weeks for some herbaceous species and 20 years or more
for some woody species. Kikuzawa and Lechowicz (2011)
stated that leaf longevity of evergreen broadleaved trees in
temperate regions is usually 1 to 5 years. The timing of
leaf emergence and litterfall is associated with transloca-
tion of resources from senescence to emerging leaves
(Nitta and Ohsawa 1997). Usually in response to freezing
or draught stress, the deciduous habit is characterized by
complete leaf shedding during unfavorable periods. Ed-
wards and Grubb (1977) reported from New Guinea for-
ests that leaf longevity of trees averaged only 1.4 years.
Bentley (1979) reported trees in an understory with leaf
longevity of more than two years. Hatta and Darnaedi
(2005) reported from among nearly 100 species from
Bogor and Chibotas, Indonesia (evergreen habit), that
about half of these species have a leaf longevity of less
than one year. They found in some shrubs, such as Inga
edulis and Cryptocarya oblique, that leaf longevity was
about two months and in Cinnamomum simtoc it was
30 months.
The growth pattern of leaves varied with seasons

(Figure 9). The maximum leaf area was almost the same
throughout the year (Figure 10A). Growth of an individ-
ual leaf can be separated into two distinct stages, the
first of which is growth by cell division and the second
by cell enlargement. Maximum leaf area is dependent
upon position to a certain extent, but how far this is re-
lated to a similar dependence of leaf size with position
in plants with a sequential production of leaves is an
interesting point for further investigation. Leaf growth
patterns are known to be affected by various environ-
mental factors, such as temperature, water availability,
irradiance, mineral nutrition and CO2 concentration.
Clifton-Brown and Jones (1999) concluded that the ef-
fects of VPD on leaf extension observed in Miscanthus
can be largely attributed to changes in the rate of tran-
spiration and leaf water status, if temperatures are close
to the threshold for growth. Where VPD effects are
found to be transient, it is anticipated that models relat-
ing leaf growth only with temperature (Clifton-Brown
and Jones, 1997) are adequate for the prediction of leaf
area development of Miscanthus × giganteus in the range
of temperature conditions between 6°C and 20°C.
The half-expansion period (Figure 10B) and the intrin-

sic rate of increase (Figure 10C) were respectively longer
and lower in the winter than in the other seasons, be-
cause the leaves of R. stylosa already grew inside the
bud. Leaves flushed during the seasons other than winter
grew faster initially and attained their maximum leaf area
sooner than those flushed in winter. This may be due to
the differences in temperature and VPD between winter
and the other seasons (Figure 2). Beadle (1997) suggested
that, when water and nutrient supplies are adequate, a
major variable determining growth is air temperature
above a minimum critical temperature. The combined ef-
fect of high leaf temperature and VPD could induce an
increase in transpiration rate in order to maintain a fa-
vorable leaf temperature through evaporative cooling
(Youssef and Saenger 1998). High air temperature and
VPD had a detrimental effect on leaf elongation of a sor-
ghum cultivar (Lafarge and Tardieu 2002). Thus, for re-
ducing the environmental stresses of high temperature
and VPD in the summer the shorter half-expansion
period of summer leaves is probably essential. On the
other hand, lower temperature and VPD in the winter
may prolong the half-expansion period of winter leaves.
The larger area of winter leaves may compensate for
their amount of carbon uptake, which is lower in the
winter. Leaf area can enhance the opportunity for car-
bon uptake, albeit at the cost of a greater demand for
water (Ferris et al. 2001). Tall red mangrove forests in
the Florida Everglades exhibit dynamic carbon assimila-
tion patterns strongly modulated by the prevailing at-
mospheric conditions and the physiological responses
to the local climate (Barr et al. 2009).
In contrast to the seasonal fluctuation of leaf area

growth, crown leaf areas were almost stable throughout
the year (Figure 11), as if homeostatic control is likely to
function, although leaves composing the crown showed
a seasonally dependent growth pattern. Equation (2) states
that crown leaf area C(t) is determined by leaf recruitment
Nτ, leaf death Sτ(t − τ) and leaf area growth uτ(t − τ). The
present result suggests that newly flushed leaves and their
area growth contribute to an increase in crown leaf area.
This crown leaf area gradually increased from April to
October because the number of leaves recruitment was
much higher than that of leaves dying in the same period.
Furthermore, the homeostatic control of crown leaf

areas may also be accompanied by the regulation of leaf
recruitment and reproduction. Rhizophora stylosa and K.
obovata exhibited a decreasing tendency in new leaf pro-
duction, when the production of reproductive organs
was at a maximum (Kamruzzaman et al. 2012b). Sharma
et al. (2012a) also reported the same trend for K. obovata
mangroves in subtropical regions. This may be because
the production of flowers and propagules imposes a heavy
burden on leaf recruitment. Decreases in stipule litterfall,
or newly flushed leaves, with increasing flower and propa-
gule litterfall are not only caused by the fluctuations of
environmental factors, but may be mainly due to the parti-
tioning of resources for flower production and the growth
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of propagules. Therefore, the present results suggest the
existence of integrated eco-physiological mechanisms be-
tween internal and external factors that maintain the
crown leaf area of R. stylosa.

Conclusions
Our results corroborate the postulate that leaf produc-
tion and leaf death of the mangrove species R. stylosa
vary seasonally. An overall estimated mean leaf longevity
was 13.1 months, which is almost the same as that esti-
mated using an indirect method. The growth patterns of
leaves varied among seasons with crown leaf areas increas-
ing gradually from April to October when recruitment of
new leaves exceeds the death rate. The crown leaf areas
decreased during November when recruitment of new
leaves was smaller than that of leaves dying. Decreases in
crown leaf area may be important for minimizing the de-
mand for water in the face of higher temperatures and
VPD. These results suggest that R. stylosa has a mechan-
ism to maintain an efficient crown in response to seasonal
changes in environmental factors.
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