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Abstract

Background: In tropical dry forests, variation in understory light availability due to season and canopy tree density
could be a governing factor in establishment and growth of tree seedlings. Species with varying life history traits
are expected to respond differentially to such heterogeneity. We investigated the response of seedlings of four tree
species in a tropical day forest in relation to spatiotemporal variability of light. We attempt to explore the role of
leaf attributes in explaining intra- and inter-specific variations in relative growth rate. Four study sites, each with
three contrasting canopy conditions, were selected along a soil moisture gradient. Seedlings of four tree species
(viz., Acacia catechu, Bridelia retusa, Lagerstroemia parviflora, and Shorea robusta), varying in life history traits, were
monitored for seasonal variations in growth traits across canopy condition and sites for 2 years.

Results: We observed a larger variation in leaf attributes for pioneer species. A. catechu showed highest mean
values for leaf dry matter content, leaf nitrogen concentration, leaf phosphorus concentration, net stomatal
conductance, net photosynthetic rate, and relative growth rate in high light conditions. S. robusta and B. retusa
demonstrated highest mean values for all the leaf attributes (except leaf dry matter content) in low light conditions.
However, intermediate values for leaf attributes were observed in L. parviflora which preferred moderate light
conditions.

Conclusions: Seasonal variations in light availability at the forest floor appear to play an important role in the
establishment and growth of tree seedlings in seasonal dry forests. Leaf attributes can be used to explain intra- and
inter-specific variation in response to light availability. Leaf attributes in combinations can be used to predict
relative growth rate of tree species in tropical dry environment, which apart from soil moisture is also determined
by light availability due to seasonal changes and canopy tree density.
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Introduction
Amount of light available on the forest floor has been
reported as a strategic environmental regulator which
governs intrinsic growth behavior of residing plant spe-
cies (Augspurger 1984; Walters and Reich 1996; Bha-
douria et al. 2018). Heterogeneity in the availability of
light in a forest is associated with morphological and

physiological adaptations, and therefore directly deter-
mines the species composition at community level
(Lüttge et al. 2002; Bhadouria et al. 2016, 2017a). Valla-
dares and Niinemets (2008) suggested that the under-
standing of species-specific response to acclimatize and
grow in low-light environments will help in the assess-
ment of ecosystem responses to global climate change.
Mulkey and Wright (1996) concluded that variability in
light distribution is a determining factor in seasonal
tropical forests, as spatial and temporal dynamics of light
and moisture availability inflict major constraints on leaf
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phenology and canopy occupancy of the plants between
dry and wet seasons.
Growth period of tropical dry forest (TDF) tree

seedlings is restricted to the rainy season mainly due
to adequate soil moisture availability, which provides
optimal conditions for seedling growth. As dry de-
ciduous forest in India is renewed by leaf flushing in
the dry and hot pre-rainy seasons (Singh and Singh
1992), the lush green foliage during the subsequent
rainy season reduces the light intensity reaching to
seedlings growing understory and therefore may pro-
duce a limiting light condition for their growth. On
the contrary, seedlings growing in open canopies or
at forest edges experience high light intensity. It
demonstrates the heterogeneity in environmental
conditions during the most favorable period for the
growth. However, during the dry season, soil water
availability declines rapidly, inflicting the growth and
survival constraint on tree seedlings (Gerhardt 1996).
In these conditions, the shady environment provides
a habitat of vital significance providing higher soil
moisture availability and having reduced transpir-
ation load (Lieberman and Li 1992; Huante and
Rincón 1998; Gerhardt 1996). In addition, the spora-
dicity of wet and dry periods in annual cycle im-
poses further miscellany within the same habitat.
Seedlings of different species are, therefore, expected
to respond differently to these heterogeneous condi-
tions, as they vary in their growth behavior, drought,
and shade tolerance (Gerhardt and Hytteborn 1992;
Marod et al. 2004; Khurana and Singh 2001a; Bha-
douria et al. 2020).
Plant’s genotype responds to the variability of environ-

mental conditions (e.g., light, soil moisture, and soil nu-
trient availability) by producing different phenotypes
(Huante et al. 1995; Markesteijn et al. 2007; Lusk et al.
2008). A community of species with varying phenotypic
plasticity is augmenting to ecosystem function and sta-
bility (Coomes et al. 2009; Kröber et al. 2012). Moreover,
an estimation of the degree of plasticity of different plant
species is critical for the interpretation of the functional
role of species in that community (Böhnke and Bruel-
heide 2013). In tropical dry forests, soil moisture avail-
ability is critical for the survival and growth of plants,
where they show higher plasticity in response to the var-
iations in soil moisture availability as compared to the
variability in light conditions (Khurana and Singh 2001a;
Markesteijn et al. 2007; Singh et al. 2017). It is, there-
fore, necessary to estimate the light-related plasticity
in leaf attributes of tree seedlings of seasonal tropical
dry forests (TDFs) to generate a better understanding
of species-specific response and inter-specific differ-
ences in an ecosystem of higher spatial and temporal
heterogeneity.

Deciduousness is claimed to be a drought avoiding strat-
egy in TDF tree species (Poorter and Markesteijn 2008). In
general, deciduous and shade-intolerant species tend to
possess more plasticity in growth traits as compared to
shade-tolerant and evergreen species (Rozendaal et al. 2006;
Portsmuth and Poorter 2007; Poorter et al. 2009). Leaves
respond to varying light environments by exhibiting consid-
erable adjustments in morphological, anatomical, and
physiological traits (Craven et al. 2011). These adjustments
are reported to be more pronounced in deciduous species
as compared to the evergreens (Walters and Reich 1999;
Lusk et al. 2008). Lusk et al. (2008) reported that plasticity
was similar for both deciduous and evergreen species along
light gradients; however, they differ in evolutionary re-
sponse. The leaf attributes associated with the worldwide
leaf economic spectrum can be used as proxy to under-
stand the species-specific as well as inter-specific responses
to different environments (Wright et al. 2004). Leaf attri-
butes are inter-related in their function and appear to be as-
sociated positively or negatively, ultimately influencing
relative growth rate (RGR) of the plants (Chaturvedi et al.
2011, 2012). For example, specific leaf area (SLA), which re-
lates to the light interception, determines the net photosyn-
thetic rate (Anet) and RGR (Reich et al. 1997; Poorter and
Garnier 2007). Leaf dry matter content (LDMC) which in-
dicates leaf tissue density and nutrient retention capacity is
positively associated with the average leaf life span and
negatively scaled with RGR of the plant (Cornelissen et al.
2003; Poorter and Garnier 2007). Leaf chlorophyll content
(Chl) indicates the physiological acclimation of plant along
an environmental gradient (Popma and Bongers 1988; Lich-
tenthaler 1998). Leaf nitrogen concentration (LNC) and leaf
phosphorus concentration (LPC) influence net stomatal
conductance (Gsnet), Anet, SLA, and RGR (Reich et al. 1991;
Cornelissen et al. 2003). Moreover, LNC is associated with
the varying physiological activity of plants in different envi-
ronments (Hikosaka 2004, 2010; Kattge et al. 2009).
Many studies have reported modulations in leaf attri-

butes in response to the light gradients which brings
change in RGR (Huante and Rincón 1998; Huante and
Rincón 1998; Landhäusser and Lieffers 2001; Markes-
teijn et al. 2007 and references therein; Tripathi and
Raghubanshi 2014). For instance, pioneer and light de-
manding species growing in light tend to possess higher
LDMC, LNC, LPC, Anet, Gsnet, and lower SLA and Chl
as compared to the individuals of same species growing
in shade conditions. On the other hand, non-pioneer
and shade-tolerant species display lesser adjustments in
functional traits relative to the pioneer and light de-
mander species (Markesteijn et al. 2007 and references
therein).
Considering the abovementioned heterogeneity for

growth of tree seedlings in TDF environment, a sound
understanding of the behavior of leaf attributes
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underlying plant adaptations is critical for the prediction
and explanation of species-specific and inter-specific re-
sponses in relation to environmental variability in light
conditions. Comprehensive studies relating leaf attri-
butes to growth in tree seedlings under natural condi-
tions are scarce for TDF. We hypothesize that
seasonality will affect physiological traits along with
RGR (hypothesis-1). As light-demanding and pioneer
species are more responsive to higher light availability as
compared to shade tolerant (Rincon and Huante 1993),
we hypothesize that RGR of light-demanding and pion-
eer species will be higher as compared to shade tolerants
under high light conditions (hypothesis-2). Leaf attri-
butes vary systematically with a species’ juvenile light re-
quirement (Valladares and Niinemets 2008); therefore,
we hypothesize that leaf attributes affect the growth of
tree seedlings, both alone and in combination under
different light conditions.

Material and methods
Study site
The present study was carried out in a TDF at four ad-
joining sites, Hathinala, Gaighat, Harnakachar, and

Ranitali situated in the Vindhyan Highlands (24° 24′ 13′
′ N, 83° 04′ 05′′ E) of Sonebhadra district in Uttar Pra-
desh, India (Fig. 1). The sites were selected to represent
a range of light availability at the forest floor. The de-
scription of four sites including location, physicochemi-
cal properties of soil, average light availability, and
dominant tree species are given in Table 1. Soils of study
sites are residual, ultisols, and sandy loam in texture.
The most important rock of the area is red-colored,
fine-textured sandstone generally underlain by shale and
limestone. Meteriological data were collected from Obra
and Renukoot meteriological station as Ranitali is near-
est to Obra and Hatinala is nearest to Renukoot. Mean
annual rainfall during 1980–2010 ranged between 1196
(Renukoot) and 952 mm (Obra) (Chaturvedi et al. 2012).
The natural vegetation of the study sites comprises spe-
cies such as Acacia catechu (L.f.) Willd., Anogeissus lati-
folia (Roxb. ex DC.) Wallich ex Beddome, Boswellia
serrata Triana & Planch., Briedelia retusa (Linn.)
Spreng., Buchanania lanzan Spreng., Diospyros mela-
noxylon Bakh., Hardwickia binata Roxb., Lagerstroemia
parviflora Roxb., Lannea coromandalica (Houtt.) Merril,
Shorea robusta Roth., and Terminalia tomentosa Roxb.

Fig. 1 Location of the study sites. Numbers 1, 2, 3, and 4, respectively, indicate approximate location of Hathinala, Gaighat, Harnakachar, and
Ranitali sites. Figure for India includes major biomes
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Climate
The climate of the study area is monsoonal, and about
85% of the annual rainfall occurs during monsoon sea-
son from south-west monsoon, and remaining by the
intermittent rainfall in months of December–January
and May–June. Mean maximum monthly temperature
varies from 20 °C in January to 46 °C in June, and mean
minimum monthly temperature ranges from 12 °C in
January to 31 °C in May. For the present study, the year
has been divided into four seasons: pre-rainy (April–
June), rainy (July–September), early post-rainy (Octo-
ber–December), and late post-rainy (January–March).
Late post-rainy period is associated with the initiation of
leaf fall, and the hot pre-monsoon period relates to the
leaf flushing for majority of the species.

Study design
At each site, three stands differing in light conditions
(viz., open canopy, medium canopy, and closed canopy)
were identified by measuring light intensities below the
tree canopy with the help of Digital Lux Meter (Model
LX-101, Taiwan). At each stand, three plots of 1000 m2

area (50 × 20 m) were randomly selected. Direct light
(photosynthetically active radiation, PAR) measurements
were taken at nine random locations in each plot with
the help of an LC Pro Console Photosynthesis meter
(Model EN 11 ODB, ADC Bioscientific Ltd., England)
with PAR sensors as an accessory in the month of Sep-
tember, 2005. For better estimates, light measurements

were taken continuously for 3 days at each site, on dif-
ferent dates at 2-h intervals from 08:00 to 16:00. Engel-
brecht and Herz (2001) also observed in their study that
PAR measurements during a day or a week provides
good estimates of relative long-term light conditions in a
forest understorey that are useful for comparison among
forests. PAR values in each plot across sites significantly
differed among all light levels. PAR values at Hathinala
ranged from 912 to 1053 μmol m−2 s−1 for high light
plots, 643 to 756 μmol m−2 s−1 for medium light plots,
and 413 to 523 μmol m−2 s−1 for low light plots. At
Gaighat and Harnakachar, the PAR values ranged from
1065 to 1158 μmol m−2 s−1 for high light plots, 810 to
943 μmol m−2 s−1 for medium light plots, and 629 to
736 μmol m−2 s−1 for low light plots. At Ranitali, the
PAR values ranged from 1200 to 1310 μmol m−2 s−1 for
high light plots, 923 to 1056 μmol m−2 s−1 for medium
light plots, and 743 to 833 μmol m−2 s−1 for low light
plots.

Study species
Established seedlings of four species viz., A. catechu
(Mimosaceae), B. retusa (Euphorbiaceae), L. parviflora
(Lytheraceae), and S. robusta (Dipterocarpaceae) occur-
ring at all the four study sites and differing in their life
history traits (Table 2) were observed for various param-
eters. Nine seedlings of similar size were selected at each
plot across the sites in each light level and tagged by
small metallic plates and marked by a permanent

Table 1 Location, light, and physicochemical properties of soil and major tree species of four study sites

Parameter Hathinala Gaighat Harnakachar Ranitali

Location 24° 18′ 07″ N and
83° 05′ 57″ E

24° 24′ 13″ N and
83° 12′ 01″ E

24° 18′ 33″ N and
83° 23′ 05″ E

24° 18′ 11″ N and
83° 04′ 22″ E

Altitude (m.a.s.l.) 291 245 323 287

Light 780.07a(±92.0) 1049.0a,b(±60.7) 1080.0b(±62.06) 1197.0b(±75.3)

Soil moisture content (SMC, %) 14.40a(±0.73) 12.06a,b(±0.53) 11.0b(±0.63) 8.0c(±0.74)

Bulk density (g cm−3) 1.31a(±0.04) 1.35a(±0.02) 1.27a(±0.03) 1.26a(±0.02)

Clay (%) 10.97a(±0.56) 7.14b(±0.51) 4.83c(±0.32) 3.03d(±0.31)

Silt (%) 30.97a(±0.28) 31.86a(±0.60) 26.17b(±0.37) 26.42b(±0.37)

Sand (%) 58.05a(±0.32) 61.0b(±0.70) 69.0c(±0.63) 70.5c(±0.65)

Soil pH 6.85a(±0.05) 6.44b(±0.04) 6.54b(±0.05) 6.40b(±0.04)

Organic C (%) 1.92a(±0.08) 1.81a(±0.05) 1.46b(±0.04) 1.28b(±0.01)

Total N (%) 0.17a(±0.04) 0.15a(±0.03) 0.13b(±0.01) 0.12b(±0.02)

Total P (%) 0.05a(±0.02) 0.03b(±0.01) 0.02b(±0.00) 0.02b(±0.01)

Species richness ( no. of species 0.1 ha−1)* 17a(±2) 14b(±1) 16a,b(±1) 16a,b(±1)

Density of juveniles (stems ha−1)** 13822a(±371) 8733b(±378) 9850b(±361) 7044c(±645)

Major tree species Shro, Teto, Lapa,
and Bula

Shro, Bula, Teto,
and Dime

Shro, Sofe, Teto,
and Bula

Acca, Lapa, Anla,
and Teto

a,b,c,d Values affixed with different letters in a row are significantly different from each other at P < 0.05. *,** Chaturvedi et al. (2012). Values in parentheses show
the standard error. Abbreviations: Acca = Acacia catechu, Anla = Anogeissus latifolia, Bula = Buchanania lanzan, Dime = Diospyros melanoxylon, Lapa =
Lagerstroemia parviflora, Shro = Shorea robusta, Sofe = Soymida febrifuga, Teto = Terminalia tomentosa
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marker. Light measurements (PAR), further denoted as
LTa, were taken near the tagged seedlings every month
during the photosynthetic measurements (see Fig. 2).
Due to the abiotic and biotic disturbances during the ex-
perimental period, some seedlings across species and
sites got damaged and the number of seedlings in each
species was decreased to three per plot at the end of the
2-year period (i.e., 18 per site).

Soil characteristics
Soil moisture content (SMCa, percentage by volume)
was measured in five replicates, randomly at three loca-
tions at a depth of 10 cm during light measurements
(September 2005) in each plot, at each site using a theta
probe instrument (type ML 1, Delta-T Devices, Cam-
bridge, UK). Monthly soil moisture (SMCb, percentage
by volume) was recorded near the tagged seedlings, in
triplicate for 2 years (i.e., July 2006 to June 2008) across
sites. Composite surface (0–30 cm) soil samples were
also collected for once, from those locations for physico-
chemical analysis. These samples were analyzed for tex-
ture (Sheldrick and Wang 1993), organic C (Walkley
and Black 1934), total N (Bremner and Mulvaney), and
total P (Olsen and Sommers 1982) contents. To get the
actual organic carbon content, the values obtained by
Walkley and Black method were multiplied by a correc-
tion factor (1.95) given by Krishan et al. (2009), which
was used for similar soils of central India. Soil bulk
density at each site was determined by the core method
(Krzic et al. 2000).

Seedling growth and leaf attributes
Height (H) and stem diameter (D) 10 cm above the
ground for the 10 tagged seedlings were measured
initially in July 2006. Area-based photosynthetic rate
(Aarea) and area-based stomatal conductance (Gsarea)
were estimated monthly on a healthy and fully ex-
panded leaf of each tagged seedling with an LC Pro
Console Photosynthetic meter (model EN11 ODB,
ADC Bioscientific Ltd. UK) between 09:30 and 11:30
am under ambient conditions.

Other leaf traits were estimated, by sampling 10
healthy and fully expanded leaves each month from the
seedlings visually comparable with the tagged ones and
growing in the similar light condition from each plot,
and pooled to obtain one per plot or nine samples per
site. Leaf area was recorded with a leaf area meter (SYST
RONICS 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 the collected sample of each light
level was kept separately in an ice box for estimation of
leaf chlorophyll.
Chlorophyll was analyzed 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.
Among the eight leaf attributes, SLA, Chl, Gsarea, and

Aarea were measured every month, whereas LDMC,
LNC, and LPC were estimated four times in a year (i.e.,
seasonal) by compositing the powdered leaf samples for
3 months in a season for each light level across sites.
Fresh leaves were oven dried at 60 °C for 72 h to ob-

tain the dry weight. LDMC was estimated by water-
saturated fresh weight of the leaf and its dry weight.
LNC was estimated using the Kjeldahl technique (Brad-
street 1965) and LPC using the phosphomolybdic blue
colorimetric method (Anderson & Ingram 1993). LNC
and LPC are the total amounts of nitrogen and phos-
phorus, respectively, per unit dry leaf mass, expressed as
percentage dry weight. The abovementioned attributes
were measured, in general, according to the protocol of
Cornelissen et al. (2003).

Data analysis
Above-ground biomass of seedlings for each season was
estimated non-destructively using the allomatric equa-
tion relating height (H), above-ground biomass (AGB),
and wood specific gravity (ρ) {Y = 3.428 + 0.310 X; Y =
logarithm of above ground biomass (lnAGB); X =
ln(ρD2H)} given by Chaturvedi et al. (2012). RGR of
seedlings was calculated using equation: RGR = (ln
AGB2 − AGB1)/(t2 − t1), where AGB1 and AGB2 are

Table 2 Characteristics of selected species based on Troup (1921), Verma et al. (1993), and Singh et al. (2003)

Parameter Acacia catechu Briedelia retusa Lagerstroemia parviflora Shorea robusta

Height Moderate Moderate Large Large

Leaf phenology Highly deciduous Short-deciduous Short-deciduous Semi-evergreen

Drought tolerance High Low Moderate Very low

Light preference Strong light demander Shade tolerant Light demander Shade tolerant

Seedling growth Fast Slow Moderate Moderate

Soil Sandy and gravelly loam Sandy loam Loam Porous loam

Habitat preference Dry deciduous forest Mixed dry tropical forest Mixed dry tropical forest Moist deciduous forest
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initial and final above-ground biomass and t1 and t2 are
initial and final time period, respectively. Gsarea and Aarea

were converted to Gsnet (= Gsmass, mass-based stomatal
conductance) and Anet (= Amass, mass-based photosyn-
thetic rate) with the help of SLA. The average seasonal
leaf trait values of each species in nine plots were con-
sidered as replicates for a site. At the end of the study
period of 2 years, the total number of data points for
each leaf attribute and RGR was 1152 (n = 9 replicates ×
4 species × 4 sites × 4 seasons × 2 years).
Data related to leaf attributes and RGR were analyzed

by repeated measures analysis of covariance with light as
covariate. Tukey’s post hoc test was applied to estimate
the differences between the mean values of leaf attri-
butes. Associations among leaf attributes and RGR were
observed by calculating Pearson’s correlation coefficients
(two-tailed). Regression analysis was done to estimate
the effect of variability of light on leaf attributes and
RGR. Slope of the regression line was taken as a measure
of plasticity (Valladares et al. 2006). All the statistical
analysis was performed with SPSS (Statistical Packages
for the Social Sciences) software (ver. 16; SPSS Inc,
Chicago, Illinois).

Results
Soil properties
Hathinala site was the moistest site with a mean annual
SMC of 14.4% and Ranitali was the driest having annual
SMC of 8% (Table 1). There was a marked seasonal vari-
ation of SMC among sites, ranging from 26.2% in mon-
soon season at Hathinala to 3.1% in early post-monsoon
season at Ranitali. Soil moisture (measured across sites

in September 2005) showed a significant positive associ-
ation with pH, organic carbon, total nitrogen, total phos-
phorus, and clay content, while its relationship was non-
significant with bulk density of soil, and negatively scaled
with sand content (Table 3). There was a strong nega-
tive correlation between the SMC and light availability
(Table 3); shady conditions demonstrated higher
moisture content as compared to the open canopies
(Table 2). The moistest site Hathinala exhibited higher
pH, organic carbon, total nitrogen, total phosphorus,
and clay content relative to the driest site Ranitali,
where sand content was more (Table 1).

Light regimes under closed, intermediate, and open
canopy
Light conditions (LTa) measured for 2 years across sea-
sons and sites were significantly different under closed,
intermediate, and open canopy plots (F2,3072 = 244, P <
0.001). Across years and seasons, the values of PAR aver-
aged for three plots under open, medium, and closed
canopy were lowest at Hathinala site and greatest at
Ranitali site (Fig. 2). The other two sites (Gaighat and
Harnakachar) exhibited intermediate response and their
PAR values ranged between Hathinala and Ranitali sites
(Fig. 2). Across seasons, sites, and species, the highest
mean value of LTa was observed in pre-rainy season and
lowest in early post-rainy season.

Leaf attributes across species, sites, and season
Repeated measures ANCOVA indicated significant ef-
fects of season, site, and species for all leaf attributes.
The interactions, season × site, season × species, and site

Fig. 2 Variation in the availability of light (LTa, PAR; mean and S.E.) across seasons, sites, and canopy conditions measured for a period of 2 years
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× species were also significant for all the attributes. Ef-
fects of year, year × season, and year × site were not sig-
nificant for Gsnet, Chl, and Anet respectively (Table 4).
All leaf attributes showed higher mean values in the sec-
ond year except LDMC. Across sites, the mean values of
all leaf attributes, except LDMC, were the highest at
Hathinala (SLA, 116.8 cm2 g−1; LNC, 1.58%; LPC, 0.15%;
Chl, 0.93 mg g−1; Gnet, 2.32 mmolg−1 s−1; Anet, 85.6
nmolg−1 s−1; RGR, 0.035 g g−1 year−1). LDMC was
the highest at Ranitali site (37.7%) (Fig. 3).
Across seasons, LNC, LPC, and Chl showed the highest

mean value in the rainy season (LNC, 2.1%; LPC, 0.18%;
and Chl, 1.63 mg g−1); SLA was higher in the pre-rainy sea-
son (129.2 cm2 g−1) and LDMC was highest in the early
post-rainy season (45.8%) (Fig. 3). Maximum mean values
of Gsnet (5.3 mmol g−1 s−1), Anet (188.5 nmol g−1 s−1), and
RGR (0.08 mg g−1 month−1), across years and sites, were
observed in the rainy season (Fig. 4). An additional file rep-
resents this information in more detail (Additional file 1).
Across species, S. robusta displayed the highest mean

value of SLA (147.2 cm2 g−1), LDMC (41.3%), LNC
(1.9%), LPC (0.13%), and Chl (0.88 mg g−1) (Fig. 3).
In the three light levels, SLA varied 2.2 fold, LDMC

1.5 fold, LNC 1.9 fold, LPC 1.7 fold, Chl 1.4 fold, Gsnet
2.1 fold, Anet 2.4 fold, and RGR 5.3 fold. Species-wise
variations in response to the availability of light were

also significant (Fig. 5). S. robusta and B. retusa demon-
strated highest mean values for all the leaf attributes (ex-
cept LDMC) in low light. A. catechu showed the highest
mean values for LDMC, LNC, LPC, Gsnet, Anet, and RGR
in high light, and the highest values for SLA and Chl in
low-light condition. L. parviflora registered the highest
mean value of LDMC in high light; LNC, LPC, Gsnet,
Anet, and RGR in moderate light, and SLA and Chl in
low light (Fig. 5). Among species maximum variation in
leaf attributes in relation to the highest and lowest level
of light availability was exhibited by A. catechu at Hathi-
nala in rainy season (SLA varied 2.8 fold, LDMC 1.6
fold, LNC 2.1 fold, LPC 1.8 fold, Chl 2.1 fold, Gsnet 3.2
fold, Anet 3.1 fold, and RGR 5.6 fold), and lowest vari-
ation was demonstrated by B. retusa at the same site
(SLA 1.6 fold, LDMC 1.2fold, LNC 1.5 fold, LPC 1.2
fold, Chl 1.5 fold, Gsnet 2.1 fold, Anet 2.2 fold, and RGR
2.8 fold). For all species, minimum variation in the mean
values of leaf attributes at high light as compared to low
light in the rainy season was observed at Ranitali, where
S. robusta demonstrated maximum variation in leaf attri-
butes (SLA 1.5 fold, LDMC 1.4 fold, LNC 1.4 fold, LPC
1.2 fold, Chl 1.4 fold, Gsnet 1.9 fold, Anet 1.8 fold, and
RGR 1.9 fold), whereas the minimum variation was ob-
served in A. catechu (SLA 1.1 fold, LDMC 1.1 fold, LNC
1.2 fold, LPC 1.1 fold, Chl 1.1 fold, Gnet 1.4 fold, Anet 1.3

Table 3 Pearson correlation coefficients between soil properties across experimental sites and light conditions

Light SMC Bulk density pH Organic C Total N Total P Clay Silt

SMC − 0.91***

BD 0.37* − 0.12ns

pH − 0.88*** 0.85*** − 0.28ns

C − 0.77*** 0.89*** 0.042ns 0.71***

N − 0.89*** 0.90*** − 0.13ns 0.79*** 0.93***

P − 0.87*** 0.87*** − 0.14ns 0.91*** 0.86*** 0.93***

Clay − 0.80*** 0.91*** 0.03ns 0.84*** 0.92*** 0.91*** 0.94***

Silt − 0.41* 0.59*** 0.41* 0.32ns 0.72*** 0.62*** 0.53** 0.65***

Sand 0.68*** − 0.83*** − 0.23 ns − 0.65*** − 0.91*** − 0.85*** − 0.82*** − 0.92*** − 0.89***

n = 36, nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001

Table 4 Summary of repeated measures ANCOVA, with light (LT1) as covariate, on functional attributes of seedlings of four tropical
dry forest tree species (only main effects and two-way interactions are shown)

Subject SLA LDMC LNC LPC Chl Gsnet Anet RGR

SS 4383*** 3072*** 2568*** 9.3** 3668*** 3349*** 2071*** 2663***

ST 20.8*** 635.6*** 13.06*** 8.68*** 92.96*** 94.4*** 17.8*** 18.4***

SP 589.7*** 7521*** 2271*** 5.67** 104.6*** 1904*** 1006*** 115.9***

SS × ST 230*** 13000*** 138*** 8.72*** 652*** 454*** 172.8*** 19.05***

SS × SP 1770*** 15700*** 2971*** 4.6** 2886*** 848.5*** 1650*** 145.7***

ST × SP 4.40*** 214*** 35.5*** 7.57*** 73.65*** 22.28*** 11*** 16.67***

The residual df is 415. YR, year; ST, site; SS, season; SP, species; SLA, specific leaf area; LDMC, leaf dry matter content; LNC, leaf nitrogen concentration; LPC, leaf
phosphorus concentration; Chl, chlorophyll concentration; Gsnet (= Gsmass, mass-based stomatal conductance); Anet (= Amass, mass-based photosynthetic rate); RGR,
relative growth rate. **P < 0.01, ***P < 0.001
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fold, RGR 1.2 fold). An additional file represents this in-
formation in more detail (Additional file 1).

Relationships among leaf attributes
Leaf attributes exhibited significant correlations across
species, season, sites, and light levels, except for the as-
sociation of LDMC with LPC which was statistically not
significant (Table 5). LDMC was negatively associated
with SLA and RGR. RGR showed significant positive re-
lationships with other leaf attributes, except with LDMC.

It was observed that the relationships of LDMC with
RGR was not significant in other seasons; however, in
the late post-monsoon season, it was statistically
significant (r = 0.19*, P < 0.05).

Relationships of leaf attributes with light
For all species, light intensity significantly affected all
leaf attributes, except SLA, LNC, and LPC in L. parvi-
flora and LDMC in all species, except S. robusta. SLA
was negatively scaled with increasing light levels, while

Fig. 3 Mean values of leaf traits across sites, seasons, and species. SLA, specific leaf area; LDMC, leaf dry matter content; LNC, leaf nitrogen
concentration; LPC, leaf phosphorus concentration; Chl, chlorophyll concentration; HN, Hathinala; GG, Gaighat; HK, Harnakachar; RT, Ranitali; PR,
pre-rainy; R, rainy; EPR, early post-rainy; LPR, late post-rainy; Shro, Shorea robusta; Brre, Briedelia retusa; Lapa, Lagerstroemia parviflora; Acca, Acacia
catechu. Narrow bars represents 1 S.E. Different letters above the bars indicate significant differences after Tukey’s post hoc test (a = 0.05)
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LDMC exhibited positive association with light availabil-
ity across species. LNC and LPC were correlated posi-
tively with enhanced light in A. catechu, whereas this
relationship was negative in B. retusa and S. robusta. Chl
was negatively scaled with higher light availability across
species. Gsnet, Anet, and RGR have shown a positive rela-
tionship with increased light in A. catechu and B. retusa,

while this trend was negative in case of B. retusa and S.
robusta (Table 6).
Across species, the variability in light interpreted

6% (L. parviflora) to 23% (A. catechu) of the variabil-
ity in SLA. In case of LDMC, lowest variability (5%)
was explained for B. retusa, whereas highest (14%) for
S. robusta. Greatest variability in LNC (20%), LPC

Fig. 4 Seasonal variations in leaf attributes and relative growth rates (RGR) in four dry tropical tree species across four sites. Gsnet, net stomatal
conductance; Anet, net photosynthetic rate; PR, pre-rainy; R, rainy; EPR, early post-rainy; LPR, late post-rainy
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Fig. 5 Mean values of growth traits in seedlings of four tree species across sites and season at different light levels. SLA, specific leaf area; LDMC,
leaf dry matter content; LNC, leaf nitrogen concentration; LPC, leaf phosphorus concentration; Chl, chlorophyll concentration; Gsnet, net stomatal
conductance; Anet, net photosynthetic rate and RGR, relative growth rate. Different letters above the bars indicate significant differences after
Tukey’s post hoc test (a = 0.05)
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(15%), and Chl (22%) was explained for A. catechu com-
pared to other three species. Variability in light interpreted
the highest amount of variability in Gsnet (31%), Anet

(29%), and RGR (38%) in A. catechu (Table 6).
The slope of light and trait relationship showed plasti-

city in study species (Table 6). Across species, A. catechu
exhibited highest slope for all attributes, except LDMC,
which exhibited the greatest slope in case of S. robusta.
Slope for Chl was lowest in S. robusta and highest in A.
catechu. Lowest slope for SLA, LNC, Anet, and RGR was
in case of L. parviflora, whereas for LDMC it was lowest
in B. retusa.

Discussion
The pronounced seasonality of rainfall in TDF directly
determine the soil moisture availability and plays an

important role in the germination, growth, and survival
of tree seedlings (Khurana and Singh 2001b; McLaren
and MA 2003; Marod et al. 2004). Seedlings, being the
most vulnerable stage in the life cycle of trees, face a
plethora of heterogeneity during the most favorable
growth season (i.e., rainy season) when the ample avail-
ability of water and nutrient may not be harvested effi-
ciently, due to the reduced irradiance, modified quality
of light, and filtering effect of the canopy (Huante and
Rincón 1998; Khurana and Singh 2006; Bhadouria et al.
2017b). The shady and open habitats in the TDF not
only differ in light conditions but also the temperature,
humidity, and soil moisture availability (Huante and Rin-
cón 1998). In the present study, lower light availability
has significantly lowered the physiological rates and
RGR across species, although differentially; but during

Table 5 Pearson correlation coefficients between SMC1 and functional attributes across species, sites, seasons, and light levels

SMC1 SLA LDMC LNC LPC Chl Gsnet Anet

SLA 0.47***

LDMC − 0.10** − 0.07*

LNC 0.56*** 0.80*** 0.12**

LPC 0.10** 0.07* 0.02ns 0.08**

Chl 0.75*** 0.63*** 0.15** 0.76*** 0.07*

Gsnet 0.78*** 0.53*** 0.11** 0.71*** 0.09** 0.87***

Anet 0.74*** 0.56*** 0.08** 0.76*** 0.09** 0.84*** 0.97***

RGR 0.67*** 0.44*** 0.05ns 0.58*** 0.06* 0.70*** 0.80*** 0.79***

SMC1, soil moisture content; SLA, specific leaf area; LDMC, leaf dry matter content; LNC, leaf nitrogen concentration; LPC, leaf phosphorus concentration; Chl,
chlorophyll concentration; Gsnet (= Gsmass, mass-based stomatal conductance); Anet (= Amass, mass-based photosynthetic rate); RGR, relative growth rate. n = 1152,
nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001

Table 6 Parameters of regression equations (y = a + bx) relating functional attributes (y) of four tree species with LTa (x)

a b R2 a b R2 a b R2

SLA LDMC LNC

A. catechu 46.4 − 3.9 0.23*** 32.4 0.08 0.03ns 0.34 0.03 0.20***

B. retusa 55.6 − 1.6 0.13** 21.2 0.05 0.02ns 0.45 − 0.02 0.14**

L. parviflora 57.2 − 1.1 0.06ns 35.2 0.06 0.03ns 0.57 0.005 0.04ns

S. robusta 86.4 − 1.8 0.18*** − 48.8 0.13 0.14** 0.89 − 0.02 0.13**

LPC Chl Gsnet

A. catechu − 0.009 4.6 0.15** 0.05 − 0.05 0.22*** 1.37 0.18 0.31***

B.retusa 0.007 − 2.3 0.08* 0.02 − 0.02 0.15** 0.32 − 0.11 0.14**

L. parviflora 0.008 1.6 0.04ns 0.03 − 0.03 0.18*** − 0.44 0.12 0.10*

S. robusta 0.01 − 1.9 0.09* 0.31 − 0.01 0.14** 0.21 − 0.15 0.21***

Anet RGR

A. catechu − 48.4 8.3 0.29*** − 0.05 4.1 0.38***

B.retusa 11.3 − 2.3 0.12** 0.01 − 2.1 0.18***

L. parviflora − 7.9 1.9 0.09* 0.02 1.5 0.11*

S. robusta 25.0 − 3.8 0.19*** 2.3 − 3.0 0.25***

SLA, specific leaf area; LDMC, leaf dry matter content; LNC, leaf nitrogen concentration; LPC, leaf phosphorus concentration; Chl, chlorophyll concentration; Gsnet
(= Gsmass, mass-based stomatal conductance); Anet (= Amass, mass-based photosynthetic rate); RGR, relative growth rate. nsP > 0.05, *P < 0.05, **P < 0.01, ***P
< 0.001
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the driest pre-rainy season (summer), shady habitats
played a vital role in promoting the survival of seedlings
across species. This is in agreement with our hypothesis
(hypothesis-1) and other studies performed in TDFs
(McLaren and McDonald 2003). Lebrija-Trejos et al.
(2011) suggested that the environmental seasonality
strongly affects the plant establishment and develop-
ment, either by modulating spatial heterogeneity (Hen-
nenberg et al. 2008) or by interacting with it to provide
conditions that may be promoting in one season but
suppressing in another (Warren 2008).
Leaf attributes vary systematically with a species’ ju-

venile light requirement (Valladares and Niinemets
2008). Leaves exhibit a remarkable ability to acclimatize
in variable environmental conditions by acquiring plasti-
city in morphological, anatomical, and physiological
traits (Valladares et al. 2007). The leaf attributes studied
in the present study were significantly influenced by sea-
son, site, species, and their interactions. The impact of
seasonality was more pronounced compared to the other
two factors, suggesting that the effect of heterogeneity in
light availability during the rainy season (i.e., growth sea-
son) on seedling growth was stronger. This is in con-
formity with other studies (Marod et al. 2004; Craven
et al. 2011). Craven et al. (2011) reported that species
vary in their photosynthetic rate seasonally, and demon-
strated adaptive capacity to regulate leaf photosynthesis
between wet and dry seasons. In this study, shade-
tolerant S. robusta showed greater variation in the values
of leaf attributes than that of light-demanding species,
particularly at the driest site in the pre-rainy season.
This is in agreement with our hypothesis (hypothesis-2),
which is in conformity with Craven et al. (2011), where
the species-wise variation in photosynthetic traits was
higher in the dry season.
SLA, LDMC, and RGR are good proxies of plant

resource-use strategy (Cornelissen et al. 2003; Wei-
her et al. 1999), and they are well accepted represen-
tatives of the global leaf economic spectrum (Diaz
et al. 2004; Wright et al. 2004). In the present study,
SLA was significantly higher in closed canopy plots
across seasons, which is in agreement with other
studies (Osunkoya et al. 1994; Kitajima 1994). The
modulation in SLA has been reported to allow effi-
cient light harvesting to improve photosynthetic effi-
ciency in low-light conditions (Reich et al. 1997;
Kitao et al. 2000), and therefore allowing the plant
to maintain a positive carbon balance (Kitajima
1994; Valladares et al. 2000). LDMC was consider-
ably low in low-light condition during the rainy sea-
son; however, LDMC tended to be lower in other
seasons as well under shady conditions relative to
medium and high light levels. Kröber et al. (2012)
reported a significant decrease in LDMC in response

to shade, whereas Markesteijn et al. (2007) estimated
higher LDMC in sun leaves.
Among species, RGR of seedlings was suppressed in

low light condition, particularly during the rainy season
when the availability of light at the forest floor was poor;
however, species varied in their response. Greatest sup-
pression in RGR at low light was observed in A. catechu,
a strong light demander, while the lowest decline was re-
ported in S. robuta, a shade-tolerant species at the
moistest site Hathinala. Overall, A. catechu has per-
formed well in high-light condition, while vice versa was
in S. robusta. Rincon and Huante (1993) reported that
the light-demanding and pioneer species were more re-
sponsive to higher light availability, demonstrating high
RGR relative to shade tolerants.
Leaf N, Leaf P, and Chl tended to be higher in low-

light conditions in all species except A. catechu, which
showed highest leaf nitrogen and phosphorus content in
high-light condition; however, this trend was more
prominent in rainy season across sites. Terashima et al.
(2006) reported that high-leaf nitrogen content on a
mass basis amplifies carbon assimilation by increasing
the enzymes and other proteins involved in light capture
(i.e., Chlorophyll a and b), light conversion (i.e., cyto-
chrome f, plastoquinone, plastocyanin, and ferredoxin),
and carbon fixation (i.e., Rubisco and related enzymes of
the Calvin cycle). Cannell and Thornley (2000) suggested
that a higher leaf N on mass basis is directly related
with higher growth rates and associated maintenance
respiration, indicating the ecological limitations in the
plasticity of these traits (Valladares et al. 2007). Fur-
ther, under variable light conditions, leaves are ex-
pected to acclimatize by diversifying the N allocation
to various leaf functions (Hikosaka 2004; Delagrange
2011). For example, under higher light availability,
more nitrogen would be allocated to carbon fixation
and electron transport as light harvesting is not limit-
ing (Niinemets et al. 1998). However, under limiting
light conditions, where priority changes to efficient
light acquisition, greater N allocation would be in
chlorophyll and other light harvesting pigments at the
cost of enzymes involved in carboxylation and electron
transport (Frak et al. 2001; Evans and Poorter 2001;
Hikosaka 2004). Other studies also reported that,
within species, shade-growing leaves are thinner, have
lower leaf mass per unit area, and have higher mass-
based chlorophyll content than do sun-growing leaves
(Popma and Bongers 1988; Kitajima 1994).
Physiological rates (i.e., Gsnet and Anet) studied were

significantly higher in high-light conditions, while de-
clined under low light, more strongly in the rainy season
when the understorey light conditions were very poor.
During the driest pre-rainy season, Gsnet and Anet

were greatest in closed canopy plots, comparatively
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more at drier sites across species. This may be due to
the higher moisture availability in shady conditions
during the dry season which facilitate stomatal con-
ductance, leading in to a higher net photosynthetic
rate (McLaren and MA 2003).
Irrespective of sites, season, species, and light levels,

among the leaf attributes examined in this study, SLA
was positively associated with LNC, LPC, Chl, Gsnet,
Anet, and RGR, and negatively with LDMC. LDMC was
negatively associated with RGR. However, the physio-
logical traits Gsnet and Anet were strongly and positively
associated with SLA and RGR, while a weak relationship
was evident with LDMC. The negative association of
SLA and LDMC was more prominent during the rainy
season, and therefore are in conformity with other stud-
ies, that increase in SLA is associated with decrease in
LDMC (Garnier et al. 2001; Shipley and Vu 2002; Cha-
turvedi et al. 2012). However, during the driest season,
this relationship was not significant statistically. The
negative scaling of LDMC with RGR, particularly during
the wet season is in line with other studies (Poorter and
Bergkotte 1992; Chaturvedi et al. 2012). However, during
the driest season, a weak positive association was ob-
served between these two variables. In the present study,
most of the leaf attributes significantly affect the RGR of
studied species both alone and in combinations of light
availability; however, the trend varied among species
(hypothesis-3).
According to the concept of worldwide leaf economic

spectrum, higher leaf mass per unit leaf area is related
with lower LNC, LPC, Gsnet, Anet, and RGR (Wright
et al. 2004). Furthermore, net stomatal conductance and
related intake of carbon dioxide significantly influence
Anet and largely depends on leaf structure (Wright et al.
2004). In the present study, LNC and Chl were positively
scaled with Gsnet and Anet. Similarly, RGR was positively
influenced by Gsnet and Anet, which implies that these
representatives of leaf economic spectrum can be used
to explain the variability in growth rate of tree seedlings
in spatially and temporally heterogeneous environment
of TDFs. Further, Hikosaka (2004) suggested that mass-
based leaf nitrogen content and photosynthetic rates are
better means to explain inter-specific variation under
varying resource availability.
Many studies have reported that leaves with high SLA

and leaf N content demonstrate high nutrient concentra-
tion and Amass (Wright et al. 2004; Lambers et al. 2008;
Kamiyama et al. 2010). On the contrary, leaves with low
SLA are physically stronger and comparatively resistant
to herbivory (Wright and Westoby 2002; Sterck et al.
2006). In present study, the highly deciduous and light-
demanding species A. catechu demonstrated higher SLA
compared to the semi-evergreen and shade-tolerant S.
robusta. Lusk and Warton (2007) reported that in

evergreen species, a low SLA is associated with shade
tolerance. Further, in subtropical forests, SLA also indi-
cates the difference between evergreen and deciduous
leaf phenology (Kröber et al. 2012).
Differences in light availability has been claimed to in-

duce a strong diverging plastic response among individ-
ual of the same species (Böhnke and Bruelheide 2013).
Osunkoya et al. (1994) reported highest plasticity of
most parameters in species that regenerate mostly in
gaps and at forest edges and lowest in species that re-
generate mostly in small gaps of forest understorey.
However, in recent studies, it has been estimated that in
TDFs light related plasticity in leaf attributes is of minor
extent relative to wet forests, and more specifically cor-
related with the light requirements during ontogenic
changes as in these forests soil moisture availability is
major constraint for growth (Markesteijn et al. 2007).
According to Valladares et al. (2006), slope of the regres-
sion line between a trait and an environmental variable
can be used to explain the plasticity; the steeper the
slope, the greater will be the plasticity in that trait. In
the present study, species varied in plasticity of their leaf
attributes in response to varying light conditions. A. cat-
echu demonstrated highest leaf trait-related plasticity,
having the highest slope values, whereas B. retusa dis-
played lowest plasticity with minimum slope values. The
other two, S. robusta and L. parviflora, were intermedi-
ate in their response. This is in line with Böhnke and
Bruelheide (2013), who reported the highest light-related
plasticity in the most light-demanding and drought-
tolerant species, Q. velutina. Highest variability as ex-
plained by the variability in light condition was for Gsnet
(31%) and Anet (29%) in A. catechu. The coefficient of
determinant (R2) for LDMC was very low and non-
significant in all species except S. robusta. This is in con-
formity with Kröber et al. (2012), where LDMC did not
show a significant relationship with any of the environ-
mental factor. The variability in the studied attributes as
explained by the variability in light was lower as com-
pared to what has been reported by Chaturvedi et al.
(2012) in relation to soil moisture content, further con-
firming the results that light-related plasticity in TDF is
of low extent over the plasticity associated with soil
moisture availability (Markesteijn et al. 2007).

Conclusion
Our investigation suggests that seasonal variation in
understorey light conditions plays an important role in
determining the establishment and growth of tree seed-
lings in tropical dry forest. Severe light limitation in
closed canopy habitats during the rainy season provides
a growth constraint for seedlings of light-demanding pi-
oneer species, thereby directly governing the species dis-
tribution and vegetation dynamics. Although to a lower
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extent, species component of the forest shows light-
related plasticity in leaf attributes, which ultimately de-
termines their fitness in a spatio-temporally heteroge-
neous environment of a seasonal tropical dry forest.
Therefore, to generate a comprehensive understanding
on the role of light availability on the growth and sur-
vival of tree species in tropical dry forests, long-term
studies comprising of larger species components are of
utmost importance.
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