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Abstract

Questions: How are leaf attributes and relative growth rate (RGR) of the

dominant tree species of tropical deciduous forest (TDF) affected by seasonal

changes in soil moisture content (SMC)? What is the relationship of functional

attributes with each other? Can leaf attributes singly or in combination predict

the growth rate of tree species of TDF?

Location: Sonebhadra district of Uttar Pradesh, India.

Methods: Eight leaf attributes, specific leaf area (SLA); leaf carbon concentra-

tion (LCC); leaf nitrogen concentration (LNC); leaf phosphorus concentration

(LPC); chlorophyll concentration (Chl), mass-based stomatal conductance

(Gsmass); mass based photosynthetic rate (Amass); intrinsic water use efficiency

(WUEi); and relative growth rate (RGR), of six dominant tree species of a dry

tropical forest on four sites were analysed for species, site and season effects

over a 2-year period. Step-wise multiple regression was performed for predict-

ing RGR from mean values of SMC and leaf attributes. Path analysis was used to

determine which leaf attributes influence RGR directly and which indirectly.

Results: Species differed significantly in terms of all leaf attributes and RGR.

The response of species varied across sites and seasons. The attributes were

positively interrelated, except for WUEi, which was negatively related to all

other attributes. The positive correlation was strongest between Gsmass and Amass

and the negative correlation was strongest between Gsmass and WUEi. Differ-

ences in RGR due to site were not significant when soil moisture was controlled,

but differences due to season remained significant. The attributes showed

plasticity across moisture gradients, which differed among attributes and

species. Gsmass was the most plastic attribute. Among the six species, Terminalia

tomentosa exhibited the greatest plasticity in six functional attributes. In the step-

wise multiple regression, Amass, SLA and Chl among leaf attributes and SMC

among environmental factors influenced the RGR of tree species. Path analysis

indicated the importance of SLA, LNC, Chl and Amass in determining RGR.

Conclusion: Amass, SMC, SLA and Chl in combination can be used to predict RGR

but could explain only three-quarters of the variability in RGR, indicating that

other traits/factors, not studied here, are also important in modulating growth of

tropical trees. RGR of tree species in the dry tropical environment is determined by

soil moisture, whereas the response of mature trees of different species is

modulated by alterations in key functional attributes such as SLA, LNC and Chl.

Introduction

According to Lugo & Murphy (1986), tropical dry forests

(TDF) are seasonal, experiencing wet and dry periods

within an annual cycle, with high ambient temperature

and low relative humidity. Mooney et al. (1995) define

TDFs as forests occurring in tropical regions characterized

by pronounced seasonality in rainfall distribution, with
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several months of drought. Tree species in these forests

are subjected to water stress during the dry season (Eamus

1999). To survive in water stress conditions, plants change

their morphological and/or physiological characteristics

(functional attributes) to prevent excessive water loss

(Schmidt & Levin 1985).

Tropical dry forests are characterized by functional

attributes, such as deciduousness and drought tolerance.

Deciduousness in TDF is a phenological attribute expres-

sing adaptation to seasonality and drought, resulting in

reduced activity during the unfavourable season and

resumption of growth at variable rates of resource use

during the short favourable season (Singh & Singh 1992).

However, there are exceptions, such as Cordia alliodora in

the neotropics (Choat et al. 2007) and Faidherbia albida in

Africa (Roupsard et al. 1999), showing ‘‘reverse’’ leaf

phenology by dropping their leaves in the wet season.

Some TDFs contain essentially 100% deciduous species,

while others may have several evergreen species (Condit

et al. 2000). The northern Australian monsoon tropics are

dominated by evergreen species despite having a strong

dry season (Bowman & Prior 2005). There is also much

diversity in attributes among various tree species and also

within species due to characteristics such as rooting depth

and degree of drought experienced by the trees (Van

Schaik et al. 1993).

Leaves play a central role in the exchange of energy

and nutrients between plants and their environment,

therefore, particular attention has been paid to the en-

ormous interspecific differences in leaf attributes (Wright

et al. 2004). Specific leaf area (SLA) has strong positive

relationships with leaf nutrient concentration, stomatal

conductance, photosynthetic rate and leaf intrinsic water

use efficiency (WUEi) (Hoffmann et al. 2005). There is a

close relationship between SLA, chlorophyll concentra-

tion (Chl) and leaf nitrogen concentration (LNC) (Mar-

enco et al. 2009). According to Le Maire et al. (2004), Chl

is linked to LNC and hence to photosynthetic rate. More-

over, Chl provides information about the physiological

state of the plant (Carter 1994; Lichtenthaler 1996). It is a

direct indicator of photosynthetic capacity and plant

productivity (Carter 1998; Zarco-Tejada et al. 2004). LNC

and LPC affect photosynthetic rate, stomatal conduc-

tance, SLA and relative growth rate (RGR) (Jurik 1986;

Reich et al. 1991; Cornelissen et al. 2003). LNC and LPC

scale positively with one another and show similar rela-

tionships with photosynthetic rate (Wright et al. 2001).

According to Schulze et al. (1994), stomatal conductance

is linearly related to LNC for broad categories of vegeta-

tion types with variable leaf longevity. However, soil

moisture content (SMC) may be equally or more impor-

tant than LNC and LPC. Inadequate SMC lowers stomatal

conductance, reduces photosynthetic rate (Freitas 1997),

affects rate of evapotranspiration (Givnish & Vermeij

1976) and alters water use efficiency (Parkhurst & Loucks

1972). Water stress also decreases photosynthetic pig-

ments (Yordanov et al. 2000) and relative water content,

which induces stomatal closure in an attempt to conserve

water (Castrillo et al. 2001).

Kattge et al. (2011) argued that plant traits play a key

role in understanding and predicting vegetation responses

to environmental changes. Niinemets et al. (2001) have

shown intraspecific variability in seedling leaf attributes

in response to light and water availability. Some studies

have correlated growth rate of woody seedlings with leaf

attributes such as Amass and leaf mass per area (King 1991;

Reich et al. 1992; Huante et al. 1995; Cornelissen et al.

1996; Wright & Westoby 1999). In natural forests, Reich

et al. (1997) demonstrated a relationship between growth

and leaf mass per area of mature trees, using data from

temperate deciduous and coniferous forests in the

USA. However, extensive studies relating leaf attributes

to growth in mature trees under natural conditions,

especially in TDFs, are scarce (see Prior et al. 2004).

This study includes eight leaf attributes and RGR (see

abbreviations); collectively called here functional attri-

butes. We have studied the relationships of the above

functional attributes of six dominant tree species with

change in SMC under field conditions in TDF of India. We

hypothesized that leaf attributes such as SLA, LNC, LPC,

Chl, Gsmass and Amass of the tree species in a dry tropical

environment are primarily influenced by SMC, and are

associated with RGR. We specifically address the follow-

ing questions: (1) How are the functional attributes of the

dominant tree species of TDF affected by seasonal changes

in SMC in different habitats? (2) What is the relationship

of functional attributes with each other? (3) How are the

functional attributes and their plasticity affected by

habitat conditions? (4) Can the functional attributes

singly or in combination predict the growth rate of the

tree species of TDF?

Methods

Study site

The present investigation included four sites, Hathinala

West (2411800700N and 8310505700E, 291 m a.s.l.), Gaighat

(2412401300N and 8311200100E, 245 m a.s.l.), Harnakachar

East (2411803300N and 8312300500E, 323 m a.s.l.) and Rani-

tali (2411801100N and 8310402200E, 287 m a.s.l.). These sites

are situated in Sonebhadra district of Uttar Pradesh, India

(Fig. 1). They occupy a land area of 2555, 394, 1507 and

2118 ha, respectively. For the purpose of this study, three

plots, each of 4 ha (200 m� 200 m), were established

randomly at each site.
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Climate

The area experiences a tropical monsoon climate. The

year is divisible into four seasons: hot pre-monsoon

(April–June), monsoon/rainy (July–September), early

post-monsoon with gradually decreasing temperature

(October–December) and late post-monsoon with gradu-

ally increasing temperature (January–March). About

85% of the annual rainfall occurs during the monsoon

season from the southwest monsoon, and the remaining

rainfall from the few showers in December and in May to

June. There is an extended dry period of about 9 months

in the annual cycle (Jha & Singh 1990). The ombrother-

mic diagrams for two localities in the study area, on the

basis of 8 years of data, are given in Pandey & Singh

(1992). The maximum monthly temperature varies from

20 1C in January to 46 1C in June, and the mean mini-

mum monthly temperature reaches 12 1C in January and

31 1C in May. While the late post-monsoon period is

characterized by leaf fall in most deciduous species, the

pre-monsoon season represents the leaf-flushing period

for all species.

Study species

Six dominant tree species (Anogeissus latifolia, Buchanania

lanzan, Diospyros melanoxylon, Lagerstroemia parviflora, Shorea

robusta and Terminalia tomentosa in the family Combreta-

ceae, Anacardiaceae, Ebenaceae, Lythraceae, Dipterocar-

paceae and Combretaceae, respectively), which occur on

all the sites, were selected for the study. From each species,

three individuals, above 30-cm girth, in each plot were

marked. Therefore, nine individuals of a species per site

were marked for the study of leaf attributes and RGR.

Soil measurements

SMC was measured in triplicate as percentage by volume

every month at a distance of 1 m from the tree trunk on

three sides, at a depth of 10 cm at 1-month intervals for 2

years (i.e. July 2005 to June 2007) using a theta probe

instrument (type ML 1, Delta-T Devices, Cambridge, UK);

these SMC values are called SMC1. In addition, measure-

ment of SMC (SMC2) was done in five replicates at three

random locations in each plot once in October 2005. During

the same period, soil samples were also collected to a depth

of 10 cm in five replicates at those locations in each plot,

and the values were averaged to three readings per plot, i.e.

nine observations per site. The soil samples were analysed

for bulk density (Misra 1968), organic carbon (Walkley &

Black 1934), nitrogen (Bremner & Mulvaney 1982) and

phosphorus (Olsen & Sommers 1982) concentrations. Ana-

lyses of soil samples were also done for pH (Anderson &

Ingram 1993) and texture (Sheldrick & Wang 1993).

Leaf measurements

In S. robusta, leaf emergence begins in the middle of the

late post-monsoon period in March, and in the remaining

five species, in the pre-monsoon period in May (A.

latifolia, B. lanzan, D. melanoxylon and L. parviflora) or June

(T. tomentosa). Further details on the phenology of these

species are given in Singh & Singh (1992). Leaves of S.

robusta were available throughout the year, whereas D.

melanoxylon was leafless in March, A. latifolia and B. lanzan

were leafless in February and March, and L. parviflora and

T. tomentosa were leafless from February to April. Three

twigs at mid-canopy height and having full sun exposure

for at least part of the day, with healthy and fully

Fig. 1. Location of the study sites, numbers 1, 2, 3 and 4, respectively, indicate approximate location of Hathinala, Gaighat, Harnakachar and Ranitali

sites. for the map of India (left) includes major biomes.
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expanded leaves, from each marked tree were sampled, and

area-based stomatal conductance (Gsarea) and photosyn-

thetic rate (Aarea) were immediately measured in one

randomly selected leaf from each twig (He et al. 2008)

using an LC Pro Console Photosynthesis meter (model

EN11 ODB, ADC Bioscientific Ltd., UK) between 09:30 h

and 12:30 h (solar noon). From each twig, 30 healthy and

fully expanded leaves were collected and their areas re-

corded with a leaf area meter (SYSTRONICS Leaf Area

Meter-211, India). These leaves were marked and sealed in

plastic bags containing damp paper towel and carried to the

laboratory for further analysis. One leaf from each twig was

kept separately in an ice box for estimation of Chl.

Chlorophyll was analysed by crushing 0.1 g of the leaf

in 10 ml 80% acetone (Arnon 1949). The absorbance (D)

of the extract was then measured at 645 and 663 nm using

80% acetone as blank. The concentrations of Chl a and

Chl b were calculated from the following expressions: Chl

a = ([12.7�D663]� [2.6�D645])� vol. acetone/wt. leaf

tissue; Chl b = ([22.9�D645]� [4.68�D663])� vol.

acetone/wt. leaf tissue; Chl = Chl a1Chl b.

Marked leaves were oven dried at 60 1C for 72 h to

obtain dry weight. Using the area and dry weight, SLA

was determined. SLA values from the leaves of each twig

of a tree were averaged to obtain three values per

individual tree. Dried leaf samples from each twig were

ground separately in an electronic grinder for analysis of

LCC, LNC and LPC. The above procedure was followed

every month for 2 years in all nine marked individuals of

each species at each site.

Among the eight leaf attributes, SLA, Chl, Gsarea and

Aarea were measured every month, whereas, LCC, LNC

and LPC were estimated four times in a year (i.e. seasonal)

by pooling the powdered leaf samples for 3 months in a

season.

LNC was estimated using the Kjeldahl technique (Brad-

street 1965) and LPC using the phosphomolybdic blue

colorimetric method (Anderson & Ingram 1993). Ground

leaf samples were burned in an electric furnace at 400 1C,

ash content (inorganic elements in the form of oxides) left

after burning was weighed and carbon was calculated

using the equation: Carbon (%) = 100� (Ash weight1-

molecular weight of O2 (53.3) in C6H12O6) (Negi et al.

2003). LNC and LPC are the total amounts of nitrogen and

phosphorus, respectively, per unit dry leaf mass, ex-

pressed as percentage dry weight. The above-mentioned

attributes were measured, in general, according to the

protocol of Cornelissen et al. (2003).

Study of RGR

In each site, increases in girth for each season were

measured for all the individuals of the selected species.

Girth increments were measured with the help of metal

dendrometer bands fitted at 1.3-m high in each tree

(Cattelino et al. 1986; Keeland & Sharitz 1993). Girth

was converted into cross-sectional area (CSA), and RGR

was calculated using seasonal change in cross-sectional

area (Prior et al. 2004). Unlike biomass estimates, this

does not involve use of allometric equations (Prior et al.

(2004).

Data analysis

The Gsarea and Aarea were converted to Gsmass and Amass

using SLA. WUEi was calculated as the ratio of Amass and

Gsmass. It should be pointed out that in contrast to Wright

et al. (2004), who defined photosynthetic capacity as

‘‘Photosynthetc assimilation rates measured under high

light, ample soil moisture and ambient CO2,’’ we mea-

sured photosynthetic assimilation rates under high light,

current soil moisture and ambient CO2 and therefore,

Amass, Gsmass and WUEi in this study represent the direct

and immediate response of the plant to environmental

conditions. Further, since WUE has been calculated as the

ratio of Amass to Gsmass it is termed intrinsic water use

efficiency (WUEi) following Santiago et al. (2004). RGR,

SMC1 and leaf attributes were averaged for each season.

SMC1, leaf attribute values and RGR obtained from each

individual of a species in each plot were averaged to

obtain three replicate values per species per plot in each

site in each season in a year.

Data for leaf attributes and RGR were analysed using

repeated measures ANCOVA with SMC1 as covariate.

Differences between the mean values of leaf traits were

tested with Tukey’s post-hoc test. Two-tailed Pearson

correlation coefficients among functional attributes were

calculated, where the three replicate values for each of

the six species in each of the three plots, per site, per

season in 2 years (n, 3� 6� 3� 4� 4� 2 = 1728) were

reduced to one value per species per plot, per site per

season in 2 years (n, 1� 6� 3� 4� 4� 2 = 576). For

calculating correlations among soil characteristics, SMC2

values were used (n = 12). Step-wise multiple regression

was performed for predicting RGR from mean values of

SMC1 and leaf attributes. All the statistical analyses were

done using the SPSS (v. 16) package. Effects of SMC1 on

the selected functional attributes of the six species were

studied with the help of regression equations calculated

using SigmaPlot (v.11).

We used path analysis (also known as covariance

structure analysis) to determine which leaf attributes

influence RGR directly and which indirectly. Path analysis

is an analytical method based on multiple regression that

permits determining pathways contributing to correla-

tions between functional attributes and assessing causal

Leaf attributes and tree growth Chaturvedi, R. K. et al.

920
Journal of Vegetation Science

Doi: 10.1111/j.1654-1103.2011.01299.x r 2011 International Association for Vegetation Science



relationships within a defined network (Kingsolver &

Schemske 1991). This approach allowed quantification of

the degree to which each attribute contributed to varia-

tion in RGR. The path coefficients correspond to standar-

dized partial regression coefficients. Amos (version 6.0;

http://www.amosdevelopment.com/) was used to calcu-

late path coefficients and to evaluate their significance

level, and the fit of the structural model to the data.

Results

Soil physico-chemical characteristics

Physico-chemical properties of soils on the four sites are

summarized in Table 1. Among the four study sites,

Hathinala was the most moist site, having a mean annual

SMC1 of 13.0%, and Ranitali was the driest, with mean

annual SMC1 of 7.8%. Seasonal variation in SMC1 was

high; the values ranged from 25.8% in the monsoon

season at Hathinala to 2.5% in the early post-monsoon

season at Ranitali (Fig. 2).

Across the sites and plots, SMC2 was positively corre-

lated with clay, total pH, organic C, total N and total P, and

negatively associated with sand. Bulk density was posi-

tively correlated with silt and negatively with sand. Clay

was positively associated with silt, pH, organic C, total N

and total P, and negatively with sand. Sand showed a

significant negative relationship with pH. pH was posi-

tively related to organic C, total N and total P (Table 2).

The relationship of organic C with clay had the highest r,

total N showed the highest r with organic C, while total P

had the highest r with pH (Table 2).

Functional attributes

Repeated measures ANCOVA with SMC1 as covariate

indicated significant effects of season and species on all

functional attributes (Table 3). The interactions, season�
site, season� species and site� species were also signifi-

cant for all functional attributes. Effects of year, site and

year� species were not significant for RGR (Table 3).

Mean values of SMC1 at all four sites were higher in the

second year as compared to the first year of measurement.

Among the functional attributes, the mean values of Chl

and Gsmass were greater and those of LCC and WUEi lower

in the second year as compared to the first year of

estimation. Among the four sites, Hathinala was the most

moist site, Ranitali the driest and the remaining two sites,

Gaighat and Harnakachar, had intermediate levels of

SMC. The mean values of SLA, LNC, LPC and Chl across

years, seasons and species were greatest at Hathinala

(SLA, 99.3 cm2 g�1; LNC, 1.7%; LPC, 0.16%; Chl, 0.76 mg

g�1) and mean LCC were highest at Ranitali (LCC, 42.3%)

(Fig. 3). The analysis indicated that the effect of year and

site on RGR was solely due to differences in soil moisture.

At all the sites, mean values of SMC1 across years, sites

and species were highest in the monsoon season and

lowest in the early post-monsoon season, and among leaf

traits across species, the highest mean values for LNC, LPC

and Chl were recorded in the monsoon season (LNC,

2.2%; LPC, 0.19%; Chl, 1.3 mg g�1), for SLA in the pre-

monsoon and monsoon seasons, as compared to the early

post-monsoon and late post-monsoon seasons (pre-mon-

soon, 117 cm2 g�1; late post-monsoon, 45.7 cm2 g�1), and

for LCC in the late post-monsoon season (44.9%) (Fig. 3).

Among the six species, the mean values of SMC1 across

years, seasons and sites, recorded near S. robusta (11.6%)

and T. tomentosa (11.8%) trees were higher, those near A.

latifolia (10.0%), B. lanzan (10.4%) and D. melanoxylon

(10.3%) were of intermediate level, and the SMC1 was

lowest near L. parviflora (9.3%). Species also differed in

the values of leaf traits. The mean values of SLA (118 cm2

g�1), LNC (2.0%) and LPC (0.2%), were greatest for S.

robusta, LCC (40.5%) was highest for B. lanzan and Chl

(0.83 cm2 g�1) was maximum for T. tomentosa. LCC was

lowest in L. parviflora (34.5%) and SLA (64.0 cm2 g�1),

LNC (1.3%) and LPC (0.13%) were lowest in B. lanzan.

Mean values of Chl (0.57 mg g�1) were lowest for D.

melanoxylon (Fig. 3).

Mean values for Gsmass, Amass and RGR, across years

and sites for all the six species, were greatest in the

Table 1. Physio-chemical properties of the five experimental sites located in the forest of the Vindhyan highlands. Values in parentheses are standard

errors.

Parameters Hathinala Gaighat Harnakachar Ranitali

Soil moisture content (SMC2) (%) 13.0 (� 1.87) 11.1 (� 1.94) 10.2 (� 1.07) 7.78 (� 1.70)

Bulk density (g cm�3) 1.30 (� 0.05) 1.32 (� 0.06) 1.27 (� 0.06) 1.26 (� 0.05)

Clay (%) 10.6 (� 1.85) 7.08 (� 1.37) 4.83 (� 0.69) 3.00 (� 0.84)

Silt (%) 31.9 (� 2.10) 32.1 (� 2.22) 26.2 (� 0.97) 26.8 (� 1.90)

Sand (%) 57.5 (� 0.90) 60.8 (� 1.54) 69.0 (� 0.97) 70.2 (� 1.33)

Soil pH 6.93 (� 0.16) 6.45 (� 0.11) 6.52 (� 0.20) 6.40 (� 0.14)

Organic carbon (%) 1.61 (� 0.15) 1.56 (� 0.25) 1.20 (� 0.27) 1.39 (� 0.50)

Total nitrogen (%) 0.13 (� 0.03) 0.13 (� 0.01) 0.12 (� 0.01) 0.12 (� 0.02)

Total phosphorus (%) 0.04 (� 0.02) 0.02 (� 0.00) 0.03 (� 0.01) 0.02 (� 0.01)
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monsoon season (Gsmass, 3.9 mmol g�1 s�1; Amass,

131 nmol g�1 s�1; RGR; 0.07 cm2 � cm�2 � yr�1) and lowest

in the late post-monsoon season (Gsmass, 0.19 mmol g�1

s�1; Amass, 9.2 nmol g�1 s�1; RGR, 0.008 cm2 � cm�2 � yr�1)

except for L. parviflora whose RGR was lowest in the early

post-monsoon season (Fig. 4). Generally, the WUEi was

greater during the dry part of the year. Highest WUEi for

A. latifolia, B. lanzan, L. parviflora, S. robusta and T. tomento-

sa was observed in the late post-monsoon season and that

for D. melanoxylon in the pre-monsoon season. Lowest
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Fig. 2. Monthly soil moisture content (SMC1) at the four experimental sites from July 2005 to June 2007.

Table 2. Pearson correlation coefficients between soil properties across experimental sites. n = 36, nsP4 0 � 05,�Po 0 � 05, ��Po 0 � 01,
���Po 0 � 001.

SMC2 Bulk density Clay Silt Sand pH Organic C Total N

Bulk density 0.04ns

Clay 0.87��� 0.19ns

Silt 0.18ns 0.51�� 0.44��

Sand � 0.61��� � 0.42� � 0.84��� � 0.86���

pH 0.74��� 0.04ns 0.56��� 0.20ns � 0.55��

Organic C 0.49�� � 0.01ns 0.75��� 0.14ns � 0.30ns 0.39�

Total N 0.57��� 0.07ns 0.49�� 0.02ns � 0.29ns 0.35� 0.62���

Total P 0.48�� � 0.12ns 0.48�� � 0.16ns � 0.18ns 0.61��� 0.03ns 0.33ns

Table 3. Summary of repeated measures ANCOVA, with soil moisture content (SMC1) as covariate, on functional attributes of six tropical dry forest tree

species (only main effects and two-way interactions are shown). The residual df is 183. YR, year; ST, site; SS, season; SP, species; SLA, specific leaf area;

LCC, leaf carbon concentration; LNC, leaf nitrogen concentration; LPC, leaf phosphorus concentration; Chl, chlorophyll concentration; Gsmass, mass-

based stomatal conductance; Amass, mass-based photosynthetic rate; WUEi, intrinsic water use efficiency; RGR, relative growth rate. nsP4 0 � 05,�P

o 0 � 05, ��Po 0 � 01, ���Po 0 � 001.

Subject df SLA LCC LNC LPC Chl Gsmass Amass WUEi RGR

YR 1 0.11ns 4.96� 3.56ns 2.56ns 7.32�� 13.0��� 0.91ns 4.02� 0.18ns

SS 1 45.5��� 263��� 104��� 2.57ns 53.4��� 5.09� 22.3��� 18.2��� 8.53��

ST 3 19.6��� 65.3��� 45.4��� 6.29��� 16.7��� 6.76��� 20.8��� 42.8��� 0.50ns

SP 5 620��� 411��� 507��� 15.1��� 27.5��� 41.4��� 167��� 40.6��� 12.5���

YR� SS 1 3.65ns 1.25ns 1.40ns 0.25ns 3.93� 11.1�� 1.01ns 0.21ns 5.95�

YR� ST 3 7.33��� 9.24��� 11.0��� 22.9��� 3.22� 12.3��� 6.48��� 2.91� 34.7���

YR� SP 5 2.65� 22.3��� 9.87��� 25.3��� 2.21ns 11.2��� 14.5��� 2.68� 1.54ns

SS� ST 3 15.6��� 359��� 76.0��� 121��� 47.7��� 25.0��� 21.4��� 94.2��� 3.16�

SS� SP 5 1964��� 3001��� 324��� 235��� 444��� 73.2��� 621��� 85.9��� 16.8���

ST�SP 14 7.00��� 25.6��� 25.3��� 8.27��� 8.24��� 2.46�� 11.9��� 38.9��� 2.07�
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WUEi for A. latifolia and T. tomentosa was recorded in the

pre-monsoon season, for B. lanzan, D. melanoxylon and S.

robusta in the monsoon season and for L. parviflora in the

early post-monsoon season (Fig. 4).

In our study, functional attributes were positively

interrelated, except for WUEi, which was negatively

related to all other attributes (Table 4). The positive

correlation was strongest between Gsmass and Amass and

the negative correlation was strongest between Gsmass and

WUEi.

In the step-wise multiple regression, Amass, SLA and

Chl among functional attributes and SMC1 among envir-

onmental factors were found to influence the RGR of tree

species. The variation in Amass alone accounted for 67%

variation in RGR, Amass and SMC together explained 71%

variation in RGR, Amass, SMC together with SLA ac-

counted for 73% variation in RGR, and a combination of

Amass, SMC, SLA and Chl explained 74% variation in

RGR. The final model was RGR = 0.0010.65 Amass10.23

SMC1� 0.24 SLA10.20 Chl.

Plasticity in functional attributes in relation to SMC

SLA (except for B. lanzan), LPC, Amass, LNC, Gsmass and

RGR were significantly affected by SMC1, while LCC and

WUEi were affected by SMC1 only in S. robusta. Among

species, more variability in Amass (71%) was explained by

SMC1 in S. robusta and T. tomentosa. The variability in SMC1

explained most variability in SLA (54%), LCC (35%) and

WUEi (23%) in S. robusta, maximum variability in LNC

(40%), LPC (46%), Gsmass (75%) and RGR (70%) in T.

tomentosa and in Chl (66%) in A. latifolia (Table 5).
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We observed remarkable variation in the slope of the

relationships of functional attributes with SMC1 among

species. The highest values of the slope for SLA, LPC,

Gsmass, Amass, and RGR occurred for T. tomentosa. T.

tomentosa together with A. latifolia also had a greater slope

for LPC. The maximum slope for LCC was observed in L.

parviflora, for LNC in A. latifolia, B. lanzan and L. parviflora,

and for WUEi in B. lanzan. The species having minimum

slope for the functional attributes were D. melanoxylon for

SLA, LNC, Gsmass, WUEi and RGR, S. robusta for LNC, LPC,

Chl and RGR, B. lanzan for SLA, Gsmass, Amass and RGR, L.

parviflora for Chl and Gsmass, and A. latifolia for Gsmass and

RGR (Table 5).

Path analysis

Path analysis helped to identify the basis of RGR variation

observed across the four study sites. The model fit index

was 0.99, indicating a reasonable fit for our path model to

the data. The attributes in the model explained 68% of

the variation in RGR (Fig. S1). While Amass and Chl had

significant paths to RGR, a greater proportion of the

variance in RGR was attributed to variation in Amass

compared to Chl. Variations in LNC and LCC explained

60% variation in Chl, which in turn, together with LNC

and SLA, accounted for 72% variation in Amass.

Discussion

The six tree species studied varied significantly in terms of

leaf attributes and RGR. Among the leaf attributes, Amass,

Gsmass and WUEi are expected to respond directly and

quickly to environmental conditions, while the other

attributes (SLA, LNC, LPC, LCC and Chl) may change

more slowly. Among species, SLA varied 1.8-fold, LCC

1.4-fold, LNC 1.5-fold, LPC 1.3-fold, Chl 1.5-fold, Gsmass

1.8-fold, Amass twofold, WUEi 1.5-fold and RGR 1.6-fold.

These variations were smaller than found by Reich et al.

(1999) and Prior et al. (2003) for SLA and Amass, and

Reich et al. (1999) for LNC and Gsmass, probably because

of the lower number of species studied here. The tree

species also showed strong seasonality in these functional

attributes. Among the four seasons, SLA varied 2.6-fold,

LCC 1.6-fold, LNC 3.1-fold, LPC 2.4-fold, Chl 6.2-fold,

Gsmass 20.2-fold, Amass 14.2-fold, WUEi 1.8-fold and RGR

8.7-fold. SLA peaked during pre-monsoon season, LCC

and WUEi in the post-monsoon season, while the rest of

the attributes assumed maximum values in the monsoon

season. It should be mentioned that the effect of season-

ality on leaf attributes can, to some extent, be confounded

with leaf phenology. For example, the pre-monsoon peak

in SLA coincided with leafing in that season; new leaves

are reported to have greater SLA than older leaves,

presumably because of a build-up of cell wall material

and chloroplasts as leaves age (Poorter et al. 2009). Mean

values of SLA and LNC were within the range reported by

Reich et al. (1999) for desert shrubland and woodland

vegetation in New Mexico, Prior et al. (2003) for season-

ally dry forests in Australia and Santiago & Wright (2007)

for tropical plant species in Panama. LPC was within the

range reported by Prior et al. (2003) and Santiago &

Wright (2007), Gsmass within the range reported by Reich

et al. (1999) and Santiago & Wright (2007). Amass, on the

other hand, was generally larger than that reported by

Reich et al. (1999), but comparable to values reported by

Prior et al. (2003). The monsoon season Amass was within

the range of values measured by Eamus et al. (1999) in

the wet season for eight Australian savanna tree species.

In contrast, species such as Cordia alliodora in the neotro-

pics are wet season deciduous, although in drier forests

leaf flush occurs in June, i.e. early in the wet season

(Borchert 1994; Choat et al. 2007).

Intrinsic water use efficiency (WUEi) was lower at

Hathinala (moist site) compared to Ranitali (driest site).

Marshall & Zhang (1994), in their carbon isotope discri-

mination analysis, showed that the WUEi of either ever-

green or deciduous species increased with altitude, which

followed a decreasing rainfall gradient, indicating that

WUEi increased with site dryness. The seasonal pattern

Table 4. Pearson correlation coefficients between functional attributes across species, sites and seasons. SLA, specific leaf area; LCC, leaf carbon

concentration; LNC, leaf nitrogen concentration; LPC, leaf phosphorus concentration; Chl, chlorophyll concentration; Gsmass, mass-based stomatal

conductance; Amass, mass-based photosynthetic rate; WUEi, intrinsic leaf water use efficiency; RGR, relative growth rate. n = 576, �Po 0 � 05,
��Po 0 � 01, ���Po 0 � 001.

RGR WUEi Amass Gsmass Chl LPC LNC LCC

SLA 0.41��� � 0.24��� 0.69��� 0.68��� 0.63��� 0.68��� 0.81��� 0.56���

LCC 0.31��� � 0.13�� 0.49��� 0.46��� 0.59��� 0.55��� 0.70���

LNC 0.57��� � 0.26��� 0.78��� 0.70��� 0.74��� 0.72���

LPC 0.44��� � 0.27��� 0.62��� 0.67��� 0.63���

Chl 0.72��� � 0.27��� 0.81��� 0.82���

Gsmass 0.70��� � 0.42��� 0.84���

Amass 0.76��� � 0.10�

WUEi � 0.16���
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of WUEi showed that it was lower during the dry period as

compared to the wet period. According to Medrano et al.

(2009), under drought conditions, plants optimize carbon

assimilation and minimize water loss by decreasing sto-

matal conductance, thereby increasing WUEi during the

period of low soil water availability.

In our study, roughly 50 to 80% of mean annual tree

growth (RGR) occurred during the monsoon season; the

average monsoon season growth of S. robusta, A. latifolia,

D. melanoxylon, L. parviflora, B. lanzan and T. tomentosa

accounted for, respectively 52, 55, 57, 64, 75 and 76% of

annual RGR. Prior et al. (2004), for the savanna trees of

northern Australia, also reported maximum stem growth

during the wet season. Rossatto et al. (2009), for forest

and savanna trees in the cerrado of central Brazil, also

reported maximum radial stem growth in wet season. In

another study, Schöngart et al. (2002), for Venezuelan

semi-deciduous forest, reported that diameter growth of

tree species was prolonged, occurring for 9 to 10 months

of the year, which could be because this forest experiences

a less severe dry season. However, maximum annual tree

growth in our study during the monsoon season was not

solely related to water availability. Our analysis indicated

that differences in RGR due to sites were not significant

when soil moisture was controlled, but differences due to

season remained significant. Thus, season is a complex

situation representing a combination of several abiotic

variables, such as temperature, humidity, photoperiod,

etc. Singh & Singh (1992) reported that leaf flushing in

tree species of the Vindhyan highlands is not correlated

with the onset of the rainy season but rather precedes it,

begins with the rise in temperature and peaks in the

hottest and driest month (May).

Leaf carbon concentration was also higher during the

dry post-monsoon season, and among sites was higher at

Ranitali. Van de Water et al. (2002) analysed variability in

leaf carbon isotope ratio with elevation, slope aspect and

precipitation in the southwest United States and reported

a negative correlation of leaf carbon isotope ratio with

precipitation and soil water availability due to changes in

leaf morphology and biochemical processes.

S. robusta, which is semi-evergreen, exhibited a 70%

decline in Amass during the dry season (i.e. late post-

monsoon season), whereas the other five species, which

are deciduous, showed 4 90% decline in Amass during

the dry season. Eamus et al. (1999) reported a 30 to 75%

loss in photosynthetic activity in semi-deciduous species

and 100% in the deciduous species. Gsmass is also reported

to be low during the dry season (O’Grady et al. 2009). Our

study showed a 86% decline in Gsmass during the dry

season for S. robusta, which reached 490% in the other

five species.

Table 5. Parameters of regression equations (in the form: y = a1bx) relating functional attributes (y) of the six dominant tree species with SMC1 (x). SLA,

specific leaf area; LCC, leaf carbon concentration; LNC, leaf nitrogen concentration; LPC, leaf phosphorus concentration; Chl, chlorophyll concentration;

Gsmass, mass-based stomatal conductance; Amass, mass-based photosynthetic rate; WUEi, intrinsic water use efficiency; RGR, relative growth rate.
nsP4 0.05, *Po 0.05, **Po 0.01, ***Po 0.001.

a b R2 a b R2 a b R2

SLA LCC LNC

A. latifolia 62.3 3.50 0.23�� 32.8 0.39 0.04ns 1.00 0.10 0.24��

B. lanzan 47.0 1.60 0.11ns 38.9 0.15 0.01ns 0.70 0.10 0.24��

D. melanoxylon 53.1 1.60 0.15� 39.8 0.18 0.03ns 1.00 0.04 0.21��

L. parviflora 57.3 4.20 0.37��� 28.4 0.55 0.09ns 1.00 0.10 0.35��

S. robusta 91.5 2.50 0.43��� 47.6 � 0.21 0.35��� 1.60 0.04 0.33��

T. tomentosa 47.7 4.90 0.38��� 32.1 0.39 0.04ns 0.60 0.09 0.40���

LPC Chl Gsmass

A. latifolia 0.100 0.010 0.19� 0.02 0.10 0.66��� 0.40 0.20 0.38���

B. lanzan 0.100 0.004 0.14� 0.10 0.10 0.62��� � 0.60 0.20 0.74���

D. melanoxylon 0.100 0.003 0.12� 0.10 0.10 0.59��� � 0.30 0.20 0.72���

L. parviflora 0.100 0.003 0.18� 0.20 0.04 0.47��� � 0.40 0.20 0.52���

S. robusta 0.100 0.002 0.19� 0.40 0.04 0.49��� � 0.70 0.30 0.73���

T. tomentosa 0.030 0.010 0.46��� � 0.10 0.10 0.59��� � 0.20 0.40 0.75���

Amass WUEi RGR

A. latifolia � 17.2 7.40 0.68��� 51.5 � 1.10 0.03ns � 0.80 0.30 0.59���

B. lanzan � 0.90 3.50 0.54��� 63.8 � 1.70 0.08ns � 1.60 0.30 0.56���

D. melanoxylon � 2.20 4.50 0.58��� 41.7 � 0.40 0.03ns � 0.50 0.30 0.37���

L. parviflora � 34.5 9.70 0.68��� 60.5 � 0.60 0.01ns � 1.50 0.40 0.63���

S. robusta 7.80 6.30 0.71��� 59.9 � 1.40 0.23�� � 0.50 0.30 0.69���

T. tomentosa � 55.2 10.9 0.71��� 58.6 � 1.50 0.07ns � 2.80 0.50 0.70���
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The slope of the relationship between a plant functional

attribute and an environmental variable is traditionally

taken as a measure of plasticity, i.e. the steeper the slope,

the greater the plasticity (Valladares et al. 2006). Our study

indicated that the degree of phenotypic plasticity across

the gradient of soil moisture differed among functional

attributes and species. Stomatal conductance (Gsmass) was

the most plastic trait. Among the six species, T. tomentosa

had the highest plasticity in six functional attributes, and is

among the best-distributed species throughout tropical dry

forest in India (Champion & Seth 1968). Phenotypic

plasticity is also argued to help species to adjust to

community composition, promoting coexistence and

community diversity (Callaway et al. 2003). It is consid-

ered a method of adapting to variable environments (Call-

away et al. 2003; Valladares et al. 2005).

We found significant correlations among the functional

attributes. Westoby & Wright (2006) found that pairs of

traits are often co-ordinated but that the correlation does

not prove a direct causal link. Correlations between leaf

attributes have been reported (Reich et al. 1992, 1999; Prior

et al. 2003), and trait relationships have been explained in

terms of trade-offs between leaf structural and metabolic

functions (Reich et al. 1999; Read & Stokes 2006). Wit-

kowski et al. (1992) reported that leaves of two Australian

tree species growing in drier and more nutrient-poor soils

had thicker leaves, with more dense tissues, resulting in a

lower SLA. Thick leaves with dense tissues also have a high

LCC (Kloeppel et al. 1998). SLA was lower and LCC higher

for the tree species at our Ranitali site, compared to those

growing at the moist Hathinala site. According to Wright et

al. (2004), a lower SLA is associated with a low Amass,

Gsmass, LNC, LPC, SLA and RGR. Photosynthetic capacity is

influenced both by Gsmass and by drawdown of CO2 inside

the leaf, i.e. carboxylation capacity, which is a process

affected by leaf structure (Wright et al. 2004). Rossatto et

al. (2009) found a significant positive correlation of radial

growth with SLA but not with Amass, while our study

showed a stronger positive correlation between RGR and

Amass compared to that between RGR and SLA.

Step-wise multiple regression for predicting RGR on

the basis of studied functional attributes indicates that

Amass accounted for the greatest variability (67%) in RGR,

as also found by Pons (1977) and Pattison et al. (1998). It

could be argued that Amass mediates the direct influence

of SMC1 on RGR, rather than being a leaf characteristic,

like Chl, which represents photosynthetic capacity. How-

ever, a combination of four factors (Amass, SMC1, SLA and

Chl) only explained 74% variability in RGR, indicating

that other traits/factors, not studied by us, are also

important in modulating the growth of tropical trees.

Path analysis indicates that the influence of SLA on

RGR is through its capacity to influence LNC. LNC decides

the level of chlorophyll in the leaves, which ultimately

modulates photosynthetic capacity. In our study, Amass was

positively correlated with LNC and SLA, as also found by

Poorter et al. (1990) and Reich et al. (1994, 1997). Accord-

ing to Reich et al. (1999), these patterns are common to all

species, because significant nitrogen per unit mass accumu-

lation is required in leaves to achieve a high Amass. SLA has

been shown to be directly and strongly correlated with RGR

across species (Poorter et al. 1990; Lambers & Poorter 1992;

Cornelissen et al. 1996; Atkin et al. 1998; Poorter & Van der

Werf 1998; Reich et al. 1998; Wright & Westoby 2000). Any

change in SLA relates to actual changes in leaf structure and

chemical composition. A lower SLA may be associated with

slower intercellular diffusion of CO2 (Parkhurst 1994; Hiko-

saka et al. 1998; Poorter & Evans 1998) or with increased

internal shading of chloroplasts passing through the lamina

(Terashima & Hikosaka 1995), either of which could de-

crease the photosynthetic rate of a leaf. SLA is also associated

with nitrogen allocation to photosynthesis (Poorter & Evans

1998). Feng et al. (2008) showed that nitrogen allocation to

carboxylation and bioenergetics increased significantly with

increasing SLA. Hikosaka et al. (1998) and Takashima et al.

(2004) also found that SLA is positively correlated with the

fraction of leaf nitrogen in ribulose-1,5-bisphosphate car-

boxylase/oxygenase (Rubisco), a key enzyme of photo-

synthesis. This is because about 60% of leaf soluble protein

consists of Rubisco, which is the most limiting factor for

biomass production (Nijs et al. 1995). Other studies also

demonstrate that increasing leaf nitrogen parallels increas-

ing investment in photosynthetic compounds (thylakoid

proteins, enzymes of the Calvin cycle) (Mooney et al. 1981;

Field & Mooney 1986; Reich et al. 1991; Nijs et al. 1995;

Reich et al. 1997). Therefore, alterations in the carbon

capture efficiency of leaves, due to changes in SLA influence

RGR of the species in the dry tropical environment.

Conclusions

Leaf attributes and RGR are significantly different among

tree species and show distinct seasonal variations. All func-

tional attributes are interrelated. Amass, SMC1, SLA and Chl

in combination explained about three-quarters of the varia-

bility in RGR, indicating that other traits/factors, not studied

by us, are also important in modulating the growth of

tropical trees. RGR of tree species in the dry tropical

environment is determined by soil moisture, whereas the

response of other tree species is modulated by alterations in

key functional attributes, such as SLA, LNC and Chl. This

conclusion, however, applies only to mature trees.
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Additional Supporting Information may be found in the

online version of this article:

Photograph S1. Photograph of the experimental

site during dry season in the tropical deciduous forest of

Vindhyan highlands, India.

Photograph S2. Photograph of the dry site in the

tropical deciduous forest of Vindhyan highlands, India.

Photograph S3. Photograph of the moist site in the

tropical deciduous forest of Vindhyan highlands, India.

Photograph S4. Photograph of the moist site in the

tropical deciduous forest of Vindhyan highlands, India.

Photograph S5. Photograph of the moist site in the

tropical deciduous forest of Vindhyan highlands, India.

Fig. S1. Path analysis model showing five leaf

attributes and RGR. The path coefficients are standardized

partial regression coefficients. LNC, leaf nitrogen concen-

tration; SLA, specific leaf area; LCC, leaf carbon concen-

tration; Amass, mass-based photosynthetic rate; Chl,

chlorophyll concentration; RGR, relative growth rate.
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