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Abstract
Background  Hyptis suaveolens (L.) Poit., native to the American tropics, is a pantropical annual plant and a major 
invasive species throughout India. It was anticipated that the availability of sunlight, coupled with its superior 
reproductive potential, persistent propagule bank, and dispersal ability, could lead to an increase in the growth and 
spread of this invader, thus potentially impeding herbaceous growth and diversity in non-native areas. Clarifying 
its ecological fitness and competitive performance will be useful to manage the spread of H. suaveolens in natural 
ecosystems that are facing a wide range of anthropogenic pressures.

Methods  The present study is a three-tier experiment. In the first tier, a field study was conducted to assess the 
patterns of H. suaveolens abundance and herbaceous species diversity in response to light availability (sun, 842–1072 
µmol m–2 s−1 and shade 253–341 µmol m–2 s−1) in the tropical dry deciduous ecosystems in the Vindhyan highlands, 
India. Furthermore, the impact of H. suaveolens abundance on the resident native and non-native species abundance 
and diversity was also studied. In the second tier, a randomized common garden experiment was conducted to 
understand the trait fitness of H. suaveolens in sun (940 µmol m–2 s−1) and shade (300 µmol m–2 s−1) conditions. In the 
third tier, a plant growth chamber experiment with high-light (940 µmol m–2 s−1) and low-light (300 µmol m–2 s−1) 
treatments was done to learn how H. suaveolens partitions its biomass between aboveground and belowground plant 
parts.

Results  The field study indicated that the sunlit areas had a higher abundance of H. suaveolens and a lower diversity 
of resident herbaceous species than the shaded areas. The common garden experiment showed that sun-dwelling 
H. suaveolens individuals performed better in germinative, vegetative, eco-physiological, and reproductive traits 
than the shade-dwelling individuals. The growth chamber experiment exhibited that plants grown in high-light 
environment had greater seed germination, seedling recruitment, and aboveground biomass than those grown in 
low-light environment, whereas plants grown in low-light environment exhibited a higher root mass ratio than the 
high-light individuals. These results suggest that H. suaveolens individuals mask the understory vegetation owing to 
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Introduction
Biological invasion is one of the most serious and big-
gest ecological threats to global biodiversity (Lenzner 
et al. 2020; Bellard et al. 2022). A significant number 
of invasive plant species have been reported to spread 
widely and pose detrimental effects on native vegeta-
tion through their ability to colonize and proliferate, viz.: 
Ageratum conyzoides L. (Singh et al. 2011; Sun et al. 
2012), Alternanthera philoxeroides Mart. (Pan et al. 2007; 
Tao et al. 2009), Chromolaena odorata (L.) R.M. King & 
H. Rob. (Li et al. 2022), Imperata cylindrica (L.) Raeusch. 
(Hameed et al. 2009), Ipomoea cairica L. (Liu et al. 2012), 
Lantana camara L. (Goyal and Sharma 2019), Miconia 
calvescens DC. (Leary et al. 2018), Mikania micrantha 
Kunth (Banerjee et al. 2017), Parthenium hysterophorus 
L. (Adkins and Shabbir 2014), Prosopis juliflora (Sw.) DC. 
(Shirke et al. 2018), etc. Enhanced efficiency in captur-
ing and utilizing available space, water, nutrients, and 
light is reported to be a strategy acquired by the invasive 
species for their success in the non-native ranges (van 
Kleunen et al. 2010; Heberling and Fridley 2013; Ziller 
et al. 2019). Light is an essential resource that affects the 
performance of invasive species, especially in disturbed 
and heterogeneous habitats (Chazdon et al. 1996). Mor-
phological and physiological plant responses to differ-
ent light conditions are manifested in their light capture 
and utilization efficiency to maximize carbon acquisi-
tion (Bazzaz and Carlson 1982; Poorter 1999). Under 
resource surplus environments, an invader’s ability to 
generate rapid biomass is often considered a key factor 
for facilitating invasion success and could be a function 
of resource acquisition strategy (Leishman et al. 2007). 
Thus, the resource acquisition strategy exhibited by inva-
sive plants in response to heterogeneous light availability 
in new environments may enhance our understanding of 
the mechanism behind the competitive fitness of invasive 
species. This mechanism could be utilized as a basis to 
control the naturalization and colonization of invasive 
species in natural ecosystems (Holt 1995).

An invader’s performance ability can be deciphered 
through its varied plant functional traits and plastic 
responses to a wide range of environments (Kueffer et al. 

2013; van Kleunen et al. 2015; Funk et al. 2016) that are de 
facto important determinants of its establishment, pro-
liferation, and spread (Hui et al. 2023). Plastic responses 
are reported as environment-induced changes in mor-
phology, physiology, and reproductive traits account-
ing for the interactions between a species’ development 
scheme and habitat characteristics (Leishman et al. 2000; 
Sharma and Esler 2008). In high-light, the invasive plants 
with pronounced photosynthetic performance (Fridley 
2012) show rapid and high germination than do natives 
(van Kleunen and Johnson 2007; Sharma et al. 2010; 
Flores-Moreno and Moles 2013), thus providing invasive 
plants with higher chances of recruitment and survival 
during early life-stages in native environments (Honig 
et al. 1992; Klink 1996; Chrobock et al. 2011). However, 
it may not be true for all native plant species in most of 
the local environments; there is likely to be a pool of resi-
dent native species with similar plasticity and high ger-
mination, but their abundances are likely to be reduced 
by local enemies (Keane and Crawley 2002). Thus, under-
standing the plastic responses of an invader under var-
ied light conditions could be of immense importance to 
study its recruitment, establishment, and proliferation 
in the regions that are receiving or are likely to receive 
comparatively high-light availability created by anthropo-
genic disturbances.

Vindhyan highlands, situated between the Indo-Gan-
getic plains and the Narmada valley, cover an area of 
∼ 1086  km of west-central Indian states, namely Bihar, 
Gujarat, Madhya Pradesh, and Uttar Pradesh (Pant et al. 
1992). The region is reported as one of the most threat-
ened forested areas under high risk of anthropogenic 
disturbance and deforestation (Roy et al. 2002; Sagar 
and Singh 2003; Goparaju and Sinha 2015). Ecological 
field studies from the area reported that owing to rapid 
industrialization, urbanization, and biotic pressure, the 
forest cover is decreasing thus leading to the conversion 
of forested area into open marginal lands with light het-
erogeneity (Jha 1990; Singh et al. 1989, Sagar et al. 2003; 
Sharma 2007a). Studies have highlighted the need to 
conserve the remnant natural forest areas that are expe-
riencing the loss of species-rich ecosystems of Vindhyan 

higher seedling recruitment, relative growth rate, photosynthetic performance, resource acquisition-allocation, and 
reproductive output in response to high-light conditions.

Conclusions  The study concludes that light significantly controls the invasive population dynamics of H. 
suaveolens in dry deciduous forests. In high-light areas, H. suaveolens populations dominate the forest understory 
with suboptimal shade tolerance. In shade environment, H. suaveolens maintains a persistent soil seed bank along 
with ‘Oskar individuals’ that become active in response to high-light availability. The modus operandi is a ‘sit and wait’ 
strategy. The current study provides insights on prioritizing areas for H. suaveolens management that will potentially 
reduce the risk of biological invasions on the native species diversity of tropical regions.
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highlands (Sagar et al. 2003; Sagar and Singh 2003; 
Sharma 2007a). Anthropogenic disturbances in natural 
forests lead to increased light availability, which in turn 
facilitates environmental heterogeneity and may create 
micro-niches with altered resource availability for the 
invasive species (Kerns and Day 2017; Meyer et al. 2021). 
Dominant plant invasive species colonize fragmented dry 
deciduous forest areas of Vindhyan highlands, thus could 
lead to the loss of native plant diversity (Sharma et al. 
2009; Raghubanshi and Tripathi 2009).

Agrawal (2002) reported that Hyptis suaveolens (L.) 
Poit., an aggressive plant invader, had spread exten-
sively in the intact forests of the Vindhyan highlands. 
In interior forest openings of the Vindhyan highlands, 
heavy infestations of H. suaveolens monoculture thick-
ets have also been reported (Sharma 2007b; Sharma 
et al. 2009; Sharma and Raghubanshi 2009; Sharma 
et al. 2017). Kumar et al. (2019) advocated that habi-
tat size, land use, and management practices affect 
the H. suaveolens invasive population and reported 
a severe infestation of H. suaveolens in open areas of 
water stream networks of Indian Western Himalayan 
regions. Studies have indicated that H. suaveolens 
forms dense monospecific thickets, potentially reduc-
ing light penetration to the forest floor, thus mask-
ing the growth of other herbaceous species (Raizada 
2006; Sharma et al. 2009, 2017; Afreen et al. 2018). 
This strategy may explain its negative effects on native 
species diversity in disturbed environments. Accord-
ing to Padalia et al. (2014), under the current changing 
environmental scenario, the potential distribution of 
H. suaveolens is vast and would be far more extensive 
than its current geographical extent. Therefore, identi-
fying a mechanism that restricts the growth and abun-
dance of H. suaveolens in response to the changing 
environment could be a need for the conservation and 
management of natural ecosystems. However, there is 
less systematic study to elucidate H. suaveolens abun-
dance/dominance pattern in response to light hetero-
geneity that may provide a clue to understanding the 
distribution and expansion of H. suaveolens in natural 
habitats.

It needs to be factored in here that the tremen-
dously increasing anthropogenic activities (encroach-
ment and deforestation) create forest gaps and allow 
light penetration to the ground surface, which facili-
tates the rapid spread of H. suaveolens in natural for-
ests. Assessing the impact of H. suaveolens dominance 
on native plant species composition and diversity and 
understanding the implications of H. suaveolens’ trait 
responses to imminent changes in resource availabil-
ity—light heterogeneity—could be of utmost impor-
tance for the restoration and conservation of degraded 
ecosystems. Field observations provide insights that 

can be tested by controlled laboratory experiments. 
Conversely, the results of controlled experiments pro-
duce ingenious approaches to be tried and investigated 
in field studies (Farrugia et al. 2010). Moreover, com-
mon garden experiments with similar or comparable 
field environmental conditions assure reasonable inter-
nal validity while adhering to a degree of naturalism 
necessary for generalizability (de Villemereuil et al. 
2016). Based on these principles, a three-tier study was 
conducted for a thorough understanding of the inva-
sion potential of H. suaveolens.

The field, common garden, and growth chamber 
studies provide a new approach for exploring the 
mechanisms that lead to the spread of H. suaveolens 
in natural dry tropical ecosystems. Interestingly, field-
based studies of H. suaveolens under variable environ-
mental conditions are scarce and field-based plant trait 
performance studies in tandem with common garden 
and growth chamber experiments of H. suaveolens 
under heterogeneous light conditions are totally miss-
ing. Thus, the present study is essential for the con-
servation and management of the depleting diversity 
of the Vindhyan dry tropical ecosystem. With this as 
the rationale, the study (i) assesses the changes in her-
baceous species composition in response to variable 
light regimes, (ii) understands the pattern of native 
and non-native herbaceous species diversity with an 
increasing abundance of H. suaveolens, (iii) explores 
native, non-native, and H. suaveolens abundance in sun 
and shade conditions in fields, and (iv) looks into how 
high-light and low-light conditions modulate H. sua-
veolens trait responses through germinative, vegetative, 
eco-physiological, and reproductive life-history traits 
in controlled systems.

Materials and methods
The study is comprised of field, common garden, and 
growth chamber experiments. The field study was con-
ducted to estimate abundance of H. suaveolens and rich-
ness and diversity of native and non-native species in the 
sun and shade conditions of Vindhyan highlands. The 
common garden experiment was carried out to estimate 
the life-history traits viz.: germinative, vegetative, eco-
physiological, and reproductive traits of H. suaveolens 
individuals in sun and shade conditions. A growth cham-
ber experiment was conducted to study aboveground 
and belowground plant biomass partitioning of H. sua-
veolens in response to high-light and low-light treatments 
and corroborate common garden experiment findings. 
Conclusively entire study was integrated to understand 
the performance of  H. suaveolens life-history traits and 
subsequent effects of its dominance on the diversity of 
ground vegetation in natural ecosystems of Vindhyan 
highlands.
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Study species
Hyptis suaveolens, a pantropical invader, is a native plant 
of tropical America. It is a rigid annual herb of aggressive 
nature and produces an ample amount of seeds (∼ 3000 
seeds m2) (Sharma et al. 2009). It is known that prolific 
seed production, small seed size, persistent propagule 
bank, and superior reproduction could confer high colo-
nization ability and, thereby, the abundance of this spe-
cies (Raizada 2006). In India, it is a notably prominent 
invader in natural areas and wastelands (Verma and 
Mishra 1992; Mudgal et al. 1997; Raizada 2006; Sharma 
et al. 2009; Sharma and Raghubanshi 2009; Sharma et al. 
2017; Afreen et al. 2020).

Field study
Study area
The study was conducted in the Vindhyan highlands of 
west-central India. Based on a reconnaissance survey of 
the entire Vindhyan highlands, ten sites (24° 33′ – 24° 56′ 
N; 83° 04′ – 83°13′ E) in Sonebhadra district (also known 
as golden valley) of Uttar Pradesh, India were randomly 
selected to represent the entire range of environmental 
conditions (viz.: topography, anthropogenic pressures, 
forest clearings, forest edges, light availability, and thick-
ets of H. suaveolens). The area experiences a tropical 
monsoon climate with three distinct seasons: summer, 
winter, and rainy (Singh et al. 2010). The average annual 
temperature and rainfall are 25.2 °C and 997 mm, respec-
tively. The soils show a rocky sandy-loam texture with 
nutrient-deficient Ultisols and are reddish to dark grey 
(Singh et al. 1989).

The region is characterized by intensive anthropogenic 
disturbances such as the widespread cutting of trees 
and understory vegetation for fuel and fodders (Sagar et 
al. 2003; Raghubanshi and Tripathi 2009). The region is 
experiencing the conversion of forest areas into agricul-
tural fields, pastures, and sites for mining and quarrying 
activities (Goparaju and Sinha 2015). These activities are 
transforming the intact natural forest areas of Vindhyan 
highlands into non-contiguous vegetation patches of 
varying sizes of homogeneous (dominated by monospe-
cific thickets) and heterogeneous (mixed species) plant 
communities (Jha and Singh 1990; Singh et al. 1989; 
Sagar and Singh 2006). Consequently, this creates spatial 
gradients of light availability to understorey vegetation. 
Occasionally during summer, anthropogenic fires aug-
ment ecosystems’ susceptibility to plant invasions (Hire-
math and Sundaram 2005).

The overstory vegetation is tropical dry deciduous for-
est locally dominated by Buchanania lanzan Spreng., 
Boswellia serrata Roxb., Diospyros melanoxylon Roxb., 
Hardwickia binata Roxb., Lannea coromandelica 
(Houtt.) Merr., Lagerstroemia parviflora Roxb., Mad-
huca longifolia (L.) J.F.  Macbr., Senegalia catechu (L.f.) 

P.J.H.  Hurter & Mabb., Shorea robusta C.F.  Gaertn., 
Tectona grandis L.f., Terminalia anogeissiana Gere & 
Boatwr., Terminalia elliptica Willd., etc. (Sagar et al. 
2003; Sagar and Singh 2006; Sharma and Raghubanshi 
2009). These tree species are native to India (Champion 
and Seth 1968). The understory vegetation is mostly 
dominated by annual and perennial herbaceous species 
[Alysicarpus vaginalis (L.) DC, Corchorus trilocularis L., 
Grona triflora (L.) H. Ohashi & K. Ohashi, Leucas biflora 
(Vahl) Sm., Senna tora (L.) Roxb., Sida spinosa L., etc.] 
with few subshrubs [Crotalaria albida B. Heyne ex Roth, 
Eragrostis tenella (L.) P. Beauv. ex Roem. & Schult., Xan-
thium strumarium L. etc.], shrubs (Lantana camara L., 
Euphorbia tithymaloides L. etc.), climbers (Basella alba 
L., Physalis angulata L. etc.), and tree seedlings. Among 
the listed herbaceous plants, C. trilocularis, G. triflora, 
S. spinosa, E. tenella, X. strumarium, L. camara, and P. 
angulata are non-native species (Tripathi 2003; Sharma 
et al. 2009; Afreen et al. 2018). Kushwaha et al. (2011) 
showed that the temporal pattern of leaf flush and leaf 
fall for deciduous tree species exhibits considerable over-
lapping timings and durations of deciduousness (leafless 
period) in the dry deciduous forest of Vindhyan high-
lands. Such varied temporal pattern of deciduousness 
does not allow the canopy foliar cover to be completely 
leafless, thus creating a light heterogeneous environment 
for understory vegetation.

Vegetation sampling and light estimation
On each site, ten random plots were marked, and within 
each plot, a 1 × 1  m quadrat was randomly laid to sam-
ple the ground vegetation and estimate light intensity. 
Thus, 100 quadrats (10 sites ×10 quadrats) were used in 
the analysis. For the estimation of light intensity of each 
1 × 1  m quadrats, photosynthetic photon flux density 
(PPFD) was measured using a handheld quantum sen-
sor (CI-340, CID Bio-Science, Inc., USA) in the months 
of August–October 2018–2019. During this period, 
the durations of vegetative pheno-phases (i.e. leaf flush 
and leaf fall) vary over several weeks to a few months 
amongst deciduous tree species, leading to consider-
able variation in seasonal light availability to understory 
vegetation (Kushwaha and Singh 2005; Kushwaha et 
al. 2010). To nullify the site-specific effects, the high-
est light-receiving quadrats from each of the ten sites 
were clubbed into a (total of ten 1 × 1 m quadrats) high-
est light-receiving plot and named P1. In the next step, 
slightly lower light-receiving quadrats from each of the 
ten sites were clubbed into a slightly lower light-receiving 
plot and named P2. This exercise was repeated for the 
remaining light-level plots (P3 to P10). Thus, the P1 plot 
had maximum light while P10 had minimum. Further, 
based on the PPFD values, these plots were divided into 
the sun (high-light, 842–1072 µmol m–2  s−1), and shade 
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(low-light, 253–341 µmol m–2 s−1) groups. Consequently, 
the plots P1 to P5 were under the sun, and P6 to P10 were 
under shade groups (Supplementary Table 1).

During the peak growing season of 2018–2019, quad-
rat-wise total numbers of individuals of each herbaceous 
species were recorded to understand the composition 
and diversity of ground vegetation. The peak growing 
season for understory herbaceous species lies between 
August and November before the onset of the dry period 
(December–June) (Kushwaha et al. 2011). Plant individu-
als for each 1 × 1 m quadrat were enumerated to estimate 
alpha diversity. Plant individuals were defined as healthy 
recruited plants that had lost their first cotyledonary 
leaves (Martins et al. 2011). A runner (stoloniferous 
plant) can represent multiple individuals, but all shoots 
are considered a single individual at the point where the 
shoots and roots emerge (Nabe-Nielsen 2001). Raunkiær 
(1934) classification of life-form spectra was used to 
characterize the species assemblage in each quadrat. The 
life forms and growth forms were identified with the help 
of the Flora of Raipur, Durg, and Rajnandgaon (Verma et 
al. 1985). The enumerated species were categorized into 
native and non-native with the help of plant taxonomists, 
Flora of Raipur, Durg, and Rajnandangaon (Verma et al. 
1985), Flora of Allahabad (Verma and Mishra 1992) and 
previously published research articles from the study area 
(Tripathi 2003; Sharma et al. 2009; Afreen et al. 2018).

Species richness, a component of alpha diversity 
(Sagar and Singh 1999) was determined by measuring 
the number of species m− 2 (Whittaker 1972). Fisher’s 
alpha diversity was calculated using BioDiversity Pro-
fessional software (McAleece 1997). To determine the 
species dominance for each plot, Importance Value 
Indices (IVIs = relative frequency + relative density + rela-
tive dominance) for each species were calculated (Curtis 
1959). For trait analysis, ten mature and healthy individu-
als of H. suaveolens of each quadrat were selected for the 
estimation of aboveground biomass (g m−2), number of 
seeds per plant, seed size (mm), and seed weight (mg). 
Each parameter was represented by taking the means of 
total quadrats of each plot (N = 10 quadrats for each plot) 
of each sun and shade category (10 quadrats × 5 plots × 2 
light levels = 100 quadrats). Finally, the study reports the 
IVI of each species, diversity parameters, and functional 
traits for each plot of the sun (P1 to P5) and shade (P6 to 
P10) conditions.

Common garden experiment
Seeds of H. suaveolens were collected from a single pop-
ulation growing in the natural habitats of selected plots 
and stored at room temperature in paper bags. The com-
mon garden experiment was set up in a garden plot at 
the University of Delhi, Delhi, India. Equal proportions 
(v/v/v) of garden soil, solarite, and coco peat were used to 

prepare the soil composition of the sun and shade experi-
mental setups. H. suaveolens seeds were sown in 250 pots 
(∼ 1700 cm3) filled with experimental soil. Equal num-
bers of pots were kept in full sunlight for sun treatment 
and under a system covered with ‘Tygen’ plastic mesh for 
shade treatment. The ‘Tygen’ plastic mesh covering sys-
tem reduced the light intensity by ∼ 32% of full sunlight 
(sun, 940 µmol m–2 s−1 and shade, 300 µmol m–2 s−1). Sun 
and shade treatments were designed to match the condi-
tions of field study plots. Moisture levels of the pots were 
measured using the Theta probe (Delta-T devices Ltd., 
England) on every alternate day and kept constant at 
field capacity. Seed germination and seedling recruitment 
were recorded. Seedlings were counted as recruited after 
they had lost their cotyledons (Martins et al. 2011). Pots 
were randomly rotated weekly within each treatment 
level to maintain a homogeneous effect.

The performance of H. suaveolens due to sun and shade 
treatments was analyzed by estimating the germinative, 
vegetative, eco-physiological, and reproductive life-his-
tory traits. For germinative traits i.e.: maximum germi-
nation percentage (MGP) and maximum recruitment 
percentage (MRP) were quantified. Plant height (cm) 
and number of leaves per plant were recorded to under-
stand vegetative traits. Chlorophyll content index (CCI) 
(CCM-200 plus, Apogee Instruments, Inc., USA), photo-
synthetic rate (A) (CI-340, CID Bio-Science, Inc., USA), 
stomatal conductance (C), transpiration rate (E), spe-
cific leaf area (SLA), leaf construction cost (LCC), rela-
tive growth rate (RGR), net assimilation rate (NAR), and 
leaf mass ratio (LMR) were estimated to understand the 
responses of eco-physiological traits of H. suaveolens to 
the sun and shade treatments. Reproductive traits were 
assessed by estimating number of seeds per plant, seed 
size (mm), and seed mass (mg).

From the date of sowing (DOS), a set of 3 plants with 
three replicates from each treatment was randomly 
harvested fortnightly until the end of the experiment. 
Harvested plants were transported to the laboratory 
for further analysis. Plants were then separated into 
leaves, stems, and seeds. For each plant, leaf area (cm2) 
was estimated using a leaf area meter (Model 211, Sys-
tronics, India), and fresh biomass (g) of each plant part 
was weighed. All plant parts were oven-dried at 80  °C 
for 72 h to a constant weight, and then dry biomass (g) 
was computed. Harvested plant data was used to calcu-
late the SLA (leaf area/dry weight). Water use efficiency 
(WUE) was calculated as ratio of photosynthetic rate 
(A) and transpiration rate (E). For each sampled plant, 
dried leaves were used to estimate the LCC (Barthod and 
Epron 2005; Singh et al. 2011; Goyal et al. 2018).

RGR for plant height (RGRh, cm cm−1 fortnight−1) and 
plant biomass (RGRb, g g−1 fortnight−1) were calculated 
using the expression: RGR = [(logef – logei)/(dt)] based 
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on growth parameters at first and consecutive harvests 
(Kramer and Kozlowski 1979). Here, f and i are the final 
and initial measured values, and dt is the time period. 
Selected variables were plant height (cm) and plant bio-
mass (g). NAR (g cm−3 fortnight−1) was calculated using 
the expression: RGRb = NAR×LMR×SLA (McKenna and 
Shipley 1999; Grotkopp and Rejmánek 2007). Here, leaf 
mass ratio (LMR) is the ratio of leaf dry weight (g) and 
plant dry weight (g).

Performance-related trait values of H. suaveolens 
from the common garden experiment were used to 
calculate the plasticity index (PI). The plasticity index, 
ranging from 0 (no plasticity) to 1 (maximal plasticity), 
was computed as the difference between maximum 
and minimum mean values divided by maximum mean 
values of all studied traits for sun- and shade-dwelling 
H. suaveolens individuals. Comparative assessment of 
plasticity was done by dividing these values into three 
range categories, viz.: low (PI, 0.00–0.33), medium (PI, 
0.34–0.66), and high (PI, 0.67–1.00) plastic responses 
as suggested by Valladares et al. (2005) and Gratani et 
al. (2014).

Growth chamber experiment
The insight gained from the common garden experi-
ment was used to set up the growth chamber experiment 
to study the selected life-history traits, i.e., germinative, 
vegetative, and eco-physiological traits, and understand 
the pattern of aboveground and belowground plant bio-
mass partitioning of H. suaveolens under controlled 
environment. The biomass partitioning of H. suaveolens 
was assessed to understand the effects of light stress as 
it was hypothesized that plants allocate more biomass 
to aboveground than belowground under high-light 
conditions. Mixed experimental soil and seeds used for 
the common garden experiment were also used for the 
growth chamber experiment. H. suaveolens seeds were 
sown in small gardening pots (height 18  cm and diam-
eter 20  cm) with three replicates of 100 seeds each for 
high-light and low-light treatments following a com-
pletely randomized design. High- and low-light condi-
tions of growth chambers were maintained, similar to 
those of sun and shade treatments of common garden 
experiments (high-light, 940 µmol m–2 s−1 and low-light, 
300 µmol m–2  s−1). The ambient temperature and rela-
tive humidity of the plant growth chamber (Model C 70, 
Saveer biotech limited, India) were kept constant at 28 °C 
and 50%, respectively. Soil moisture was maintained con-
stant at the field capacity.

Seed germination and seedling recruitment were 
counted until the end of the experiment, and germinative 
traits, i.e., maximum germination percentage (MGP) and 
maximum recruitment percentage (MRP), were calcu-
lated. For each plant, plant height (cm) and the number 

of leaves were recorded to understand the response of 
vegetative traits to light variability. Forty-five and sixty 
days old seedlings were harvested for biomass estima-
tion. Individuals were separated into stems, leaves, and 
roots, which were weighed to estimate dry biomass (g). 
Leaf area (cm2) was estimated using a leaf area meter 
(Model 211, Systronics, India). Eco-physiological traits 
were assessed by estimating SLA, CCI, RGRb, and NAR. 
Stem mass ratio (SMR, stem biomass/plant biomass), 
root mass ratio (RMR, root biomass/plant biomass), 
and aboveground-belowground biomass ratio (ABBR, 
aboveground biomass/belowground biomass) were esti-
mated to understand the pattern of aboveground and 
belowground plant biomass partitioning of H. suaveolens 
(Engelkes et al. 2008; Peng and Yang 2016) to the varied 
light levels.

For a better understanding of H. suaveolens invasion 
success, its life-history traits were schematically depicted 
and divided into four subsequent stages: propagule 
phase, germination phase, recruitment phase, and fecun-
dity phase (Harper 1977).

Statistical analyses
The species richness of native and non-native herba-
ceous species was correlated with the biomass of H. 
suaveolens. Herbaceous species diversity indices were 
linearly regressed with the IVI of H. suaveolens to 
understand the effect of H. suaveolens’s abundance on 
the diversity of ground vegetation of the study area. 
Linear regression was used to test the effect of PPFD 
(light intensity) on the abundance (IVI) of H. suaveo-
lens, native and non-native species. The plots (P1–P10) 
were ordinated using Principal Component Analysis 
(PCA) ordination with the help of BioDiversity Profes-
sional software (McAleece 1997) to understand the dif-
ferences in species composition due to variable light 
conditions. Furthermore, to have an overall measure 
of species richness of the study site, a plot-based rar-
efaction curve (classical species–area curves type IV, 
suggested by Scheiner 2003) was plotted between the 
cumulative number of species of each plot as dependent 
and the number of plots sampled as independent vari-
ables (Gotelli and Colwell 2001; Hsieh et al. 2016) using 
BioDiversity Professional software (McAleece 1997). 
The effect of light conditions (sun and shade) on H. sua-
veolens’s life-history traits was analyzed using a one-
way analysis of variance (ANOVA). Pearson correlation 
was performed to evaluate relationships among studied 
plant traits of the common garden experiment. Paired 
T-test was also performed to analyze differences in trait 
values between light treatments (high- and low-light) 
for studied plant traits yielded by the growth chamber 
experiment. Statistical analyses were conducted using 
SPSS 16.0 (SPSS Inc. 2007, Chicago, USA).
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Results
Field study
The floristic survey of the study area depicted 59 spe-
cies (Supplementary Table 1). The sun and shade areas 
harboured 59 species belonging to 23 families and 42 
species belonging to 19 families, respectively. Among 
these families, Poaceae, Malvaceae, Acanthaceae, and 
Leguminosae were the most species-rich families in 
both areas. The recorded herbaceous species were an 
assemblage of annuals, perennials, and a few annual 
species showing a tendency to be perennial. The sun-
lit area had 26 herbs, 13 subshrubs, two mat-forming 
herbs, and one climber species, while the shaded area 
had 39 herbs, 17 subshrubs, two mat-forming herbs, 
and one climber species (Supplementary Table 1). The 
mean IVI value of H. suaveolens in the sun area was 
94 times greater than in the shaded area. The IVI val-
ues ranged from 0.13 (Triumfetta pentandra A. Rich.) 
to 82.50 (Hyptis suaveolens) and from 0.07 (Xanthium 
strumarium L.) to 9.6 (Ceropegia bulbosa Roxb.) for 
the sun and shade areas, respectively. Thus, H. sua-
veolens was heavily dominated in sunlit areas than 
shaded areas (hereinafter, sun and shade areas will be 
used as H. suaveolens invaded and non-invaded areas, 
respectively).

The PCA ordination based on IVI of component spe-
cies for different plots is presented in Fig. 1. The ordina-
tion diagram showed two distinct clusters (each having 
five plots) indicating the changes in species composition 
due to light regimes (Fig. 1). The mean IVI values of resi-
dent herbaceous species significantly decreased with the 

increasing dominance of H. suaveolens under sun con-
ditions (Fig.  2a). There was a reduction of 51.55% and 
73.42% in species richness and alpha diversity, respec-
tively, in the invaded area compared to the non-invaded 
area. For non-invaded areas, the proportions of native 
and non-native species were 61.19% and 38.81%, respec-
tively. Interestingly, the proportion of non-native species 
(88.10%) was exceedingly higher than that of native spe-
cies (11.90%) in the invaded area (Supplementary Table 
1).

The results of plot-based rarefaction curves showed 
clubbing of curves into two distinct groups, i.e., plots 
1, 2, 3, 4, and 5 into the invaded group and plots 6, 7, 
8, 9, and 10 into the non-invaded group (Fig.  2b). In 
the rarefaction curves, the curves of the non-invaded 
group occupied a higher position than the curves of the 
invaded group, indicating higher species richness for 
the non-invaded area than the invaded area. Thus, light 
regimes caused distinct differences in herbaceous spe-
cies composition and richness in the Vindhyan highland. 
Results showed that the diversity of herbaceous species 
decreased with the increasing dominance of H. sua-
veolens (Fig.  3). Sun-dwelling H. suaveolens individuals 
showed more than two times higher biomass than shade-
dwelling individuals. Additionally, results indicated 
enhanced light-mediated dominance of H. suaveolens 
and a reduction of total herbaceous richness (Fig. 4a), as 
well as reduced richness and alpha diversity of native and 
non-native groups in sun than shade conditions (Fig. 4b). 
These patterns reflected the light-induced masking of 
H. suaveolens on the herbaceous diversity of Vindhyan 
highlands.

The H. suaveolens individuals in sunlit areas had 3.2 
times more seeds per plant than the shade-dwelling indi-
viduals. Based on cumulative results from all ten plots, 
plant biomass showed significantly negative relations 
with those of seed size (r2 = 0.23, p < 0.05) and seed mass 
(r2 = 0.30, p < 0.05). Sun-dwelling H. suaveolens individu-
als produced smaller and lighter seeds (in terms of seed 
size and seed mass). In contrast, shade-dwelling individu-
als produced more significant and heavyweight seeds, 
suggesting more remarkable spatial dispersal ability and 
fitness of H. suaveolens in sunlit areas than in shaded 
areas.

Common garden experiment
Sun-dwelling H. suaveolens individuals showed signifi-
cantly higher seed germination and seedling recruit-
ment than shade-dwelling H. suaveolens (Table  1). 
Shade-dwelling H. suaveolens were shorter, with a 
lower number of leaves per plant as compared to sun-
dwelling plants. Similar to the field study, sun-dwell-
ing individuals were more robust and sturdy in terms 
of biomass per plant as compared to shade-dwelling 

Fig. 1  Principal component analysis (PCA) ordination of ten dry tropical 
plots (P1 to P10) based on the importance value indices (IVI) of compo-
nent herbaceous species distributed in two light regimes (sun, 842–1072 
µmol m–2 s−1 and shade, 253–341 µmol m–2 s−1)
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individuals (Fig. 5). Leaf area was more than two times 
higher for shade-dwelling individuals than the sun-
dwelling individuals. In contrast, SLA was significantly 
lower for plants grown in sun treatment. Sun-dwelling 
individuals exhibited higher RGRh, RGRb, NAR, pho-
tosynthetic rate, stomatal conductance, and transpi-
ration rate than shade-dwelling individuals. Seed size 
and seed weight per plant were lower for sun-dwelling 

individuals than for shade-dwelling individuals of H. 
suaveolens (Table  1). Similar to the field study, the 
number of seeds produced per plant was high (193) for 
sun-dwelling individuals, whereas shade-dwelling indi-
viduals produced a significantly low number (∼ 32) of 
seeds per plant (Table 1). These results favor the domi-
nance of H. suaveolens in sunlit areas than in shaded 
areas.

Fig. 2  (a) Relationships between importance value indices (IVI) of native, non-native and Hyptis suaveolens individuals and photosynthetic photon flux 
density (PPFD); (b) Rarefaction curves of plant species richness of ten dry deciduous plots (P1 to P10)
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Plasticity index (PI)
Ten of the 19 parameters selected for compara-
tive plasticity assessment reflected medium plastic 
responses (Table  1). Across the studied life-history 
traits, the plasticity index (PI) ranged from 0.02 (for 
LCC) to 0.83 (for the number of seeds per plant). For 
germinative traits, PI values were medium for the 

MGP and high for the MRP. H. suaveolens showed 
medium plasticity in its vegetative traits, except for 
leaf per plant which had a high range of plasticity. 
Likewise, eco-physiological traits of H. suaveolens also 
reflected medium plasticity except for CCI, A, and 
LCC which were in a low range of plastic responses. 
The NAR showed a high range of plasticity. For repro-
ductive traits, the number of seeds per plant fell under 
a high range of plasticity, whereas seed size and seed 
mass expressed a low range of plasticity (Table  1). 
Thus, except for the CCI, A, and LCC eco-physiolog-
ical traits, all the studied traits exhibited a medium to 
high range of plastic responses.

Plant growth chamber experiment
Paired T-test showed significant differences in maxi-
mum germination percentage (t = –4.84, p < 0.001), 
root mass ratio (t = 15.00, p < 0.001), and aboveground-
belowground biomass ratio (t = –19.34, p < 0.001) due 
to differences in light conditions. Results showed higher 
plant biomass generation of H. suaveolens for individu-
als grown in the high-light than in the low-light condi-
tions (Fig. 6). Under high-light, H. suaveolens exhibited 
almost twice MGP and MRP than in low-light. In the 
low-light, plant individuals were shorter with a lower 
number of leaves than plants grown in high-light. Simi-
lar to the field study and common garden experiment, 
the high-light plants showed higher plant biomass than 
plants grown in low-light. Specific leaf area was three 
times higher for low-light than high-light. The high-
light plants exhibited significantly higher CCI (4.68), 

Fig. 4  (a) Plant biomass (g m−2) of Hyptis suaveolens as axis Y1 and herbaceous species richness as axis Y2, and (b) species richness and alpha-diversity of 
native and non-native plant species in response to two light levels (sun, 842–1072 µmol m–2 s−1 and shade, 253–341 µmol m–2 s−1) in Vindhyan highlands 
suggesting enhanced light-mediated dominance of H. suaveolens and reduction of native and non-native herbaceous diversity

 

Fig. 3  Response of herbaceous diversity to the dominance (IVI, impor-
tance value indices) of Hyptis suaveolens in the studied field plots of Vind-
hyan highlands, India suggesting a masking effect of H. suaveolens on 
other resident herbaceous species
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RGRb (66.80), and NAR (3.92) than the low-light plants 
(Table 1).

Further, the analysis suggested 1.5 and 5 times higher 
SMR and ABBR for high-light plants than the low-
light plants, respectively. Interestingly, plants grown 
in the low-light condition showed four times higher 
RMR than the plants grown in the high-light condition 
(Fig. 6). It suggests that plants grown in high-light con-
ditions performed better in terms of aboveground bio-
mass accumulation, whereas plants grown in low-light 
conditions exhibited better performance in terms of 
belowground biomass accumulation. Thus, high-light 
condition supports significant proliferation of H. sua-
veolens, and low-light individuals survive by allocat-
ing plant biomass to the roots. The results of the plant 
growth chamber experiment further strengthen our 
confidence in the results of the common garden experi-
ment in terms of seed germination and subsequent 
seedling performance.

Relations between and among studied plant traits of field 
study, common garden experiment, and growth chamber 
experiment
The collation of the three-tier study (field study, com-
mon garden experiment, and plant growth chamber 
experiment) related to various life-history traits of H. 
suaveolens is illustrated in Fig. 7. Analyses of germinative 
life-history traits showed an inclination of H. suaveolens 
populations towards successful establishment and forma-
tion of monospecific thickets under high-light conditions 
due to rapid seed germination (r2 = 0.53, p < 0.001) and 
seedling recruitment (r2 = 0.64, p < 0.001).

Based on vegetative, eco-physiological, and repro-
ductive life-history traits, under high-light conditions, 
plant height (r2 = 0.96, p < 0.001) and leaf area (r2 = 0.62, 
p < 0.001) were negatively related to available light, 
whereas number of leaves (r2 = 0.92, p < 0.001) and plant 
biomass (r2 = 0.61, p < 0.001) showed significantly posi-
tive relations with available light intensity. Under the 
high-light condition, SLA (r2 = 0.57, p < 0.001) was nega-
tively related to light availability. On the other hand, 

Table 1  Germinative, vegetative, eco-physiological, and reproductive life-history traits’ values of Hyptis suaveolens individuals under 
sun and shade conditions in the common garden experiment
Parameters Mean values F-value; df P values Plasticity Index (PI)

Sun Shade
PPFD (µmol m–2 s−1) 940.00 (40.75) 300.00 (13.00) 298.75; df1,10 0.000*
Life-history traits
Germinative
  MGP 63.67† (4.48) 34.00 † (2.76) 24.69; df1,26 0.000* 0.4659m

  MRP 43.33 † (4.64) 11.17 † (2.06) 7.05; df1,26 0.013* 0.7422h

Vegetative
  Plant height (cm) 50.98 (0.37) 22.21 (0.95) 12.54; df1,18 0.002* 0.5643m

  Leaves per plant 83.03 (1.71) 24.43 (0.58) 15.01; df1,18 0.001* 0.7057h

  Leaf area (cm2) 6.39 (0.50) 16.06 (0.69) 258.56; df1,10 0.000* 0.6021m

  Plant biomass (g m−2) 171.10 (3.67) 64.14 (4.74) 11.54; df1,10 0.002* 0.6251m

Eco-physiological
  SLA (cm2 g−1) 47.42 (6.34) 153.55 (4.97) 173.39; df1,10 0.000* 0.6611m

  CCI 7.68 (0.365) 5.27 (0.19) 33.99; df1,18 0.000* 0.3138l

  A (µmol CO2 m–2 s−1) 5.09 (0.53) 3.62 (0.15) 6.95; df1,10 0.025* 0.2888l

  C (mmol H2O m–2 s−1) 33.02 (6.86) 11.67 (1.88) 8.99; df1,10 0.013* 0.6465m

  E (mmol H2O m–2 s−1) 0.50 (0.10) 0.23 (0.04) 6.16; df1,10 0.032* 0.5400m

  WUE (µmol CO2 mmol−1 H2O) 12.96 (2.94) 19.41 (4.46) 1.45; df1,10 0.255NS 0.3363m

  LCC (g glucose g−1) 1.56 (0.04) 1.59 (0.07) 0.20; df1,10 0.658NS 0.0188l

  RGRh (cm cm−1 fortnight−1) 16.67 (4.50) 8.92 (3.09) 2.00; df1,18 0.173NS 0.4649m

  RGRb (g g−1 fortnight−1) 61.20 (12.37) 27.24 (5.72) 6.20; df1,10 0.032* 0.5549m

  NAR (g cm−3 fortnight−1) 1.43 (0.31) 0.34 (0.07) 11.74; df1,10 0.006* 0.7622h

Reproductive
  Number of seeds per plant 193.00 (2.64) 31.67 (1.76) 2574.24; df1,10 0.000* 0.8359h

  Seed size (mm) 3.37 (0.13) 3.83 (0.10) 7.15; df1,10 0.023* 0.1201l

  Seed mass (mg) 4.41 (0.12) 5.09 (0.07) 22.50; df1,10 0.001* 0.1335l

Values in parentheses are ± SE. P values marked with * are significantly different at p < 0.05 or p < 0.01, and those marked with NS are not significantly different. PI 
values marked with l, m, and h denote plasticity range values of that particular trait (see methods section). Values marked with † are maximum values

PPFD photosynthetic photon flux density, MGP maximum germination percentage, MRP maximum recruitment percentage, SLA specific leaf area, CCI chlorophyll 
content index, A photosynthetic rate, C stomatal conductance, E transpiration rate, WUE water use efficiency, LCC leaf construction cost, RGRh relative growth rate 
(plant height basis), RGRb relative growth rate (plant biomass basis), and NAR net assimilation rate
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Fig. 6  Key selected life-history traits’ performance of Hyptis suaveolens, viz., maximum germination percentage (MGP), root mass ratio (RMR), plant bio-
mass, and aboveground-belowground biomass ratio (ABBR) under two different light treatments in growth chamber experiment (LL – low-light, 300 
µmol m–2 s−1 and HL – high-light, 940 µmol m–2 s−1) indicating differential resource allocation to the aboveground-belowground plant systems. Histo-
gram affixed with different letters were significantly different from each other in row at p < 0.05

 

Fig. 5  Plant biomass of Hyptis suaveolens individuals grown in two different light treatments in the common garden experiment indicating rapid biomass 
generation in sun condition. Close and open circles signify dry biomass values for sun (high-light, 940 µmol m–2 s−1) and shade (low-light, 300 µmol 
m–2 s−1) inhabiting plant individuals
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CCI (r2 = 0.58, p < 0.001), photosynthetic rate (r2 = 0.65, 
p < 0.001), transpiration rate (r2 = 0.51, p < 0.001), RGRb 
(r2 = 0.87, p < 0.001), and NAR (r2 = 0.89, p < 0.001) were 
positively and significantly related to the available light. 
It can be noted that under low-light conditions, the eco-
physiological traits of H. suaveolens, except SLA (r2 = 0.42, 
p < 0.001), did not respond well to the light intensity, thus, 
exhibiting suboptimal performance during the shade 
condition. Further, in high-light, the number of seeds per 
plant (r2 = 0.82, p < 0.001) exhibited a significantly posi-
tive relation to available light, while seed size (r2 = 0.84, 
p < 0.001) and seed mass (r2 = 0.71, p < 0.001) were nega-
tively related to available light. It indicates that high-light 
availability provides a substantial competitive advantage 
to H. suaveolens and facilitates its wide-range dispersion. 
Additionally, larger seeds accumulate more nutritional 
reserves for plant use during the initial development of 
the seedling.

Inputs and outputs (number of propagules and 
recruited plant individuals, respectively) for each phase 
of life history traits are quantified based on the field study 
and experimental data and presented in Fig.  8. Results 
indicated that in the propagule phase, bulk reproductive 
output potentially drives the invasion success (species 
establishment and proliferation) of H. suaveolens (Fig. 8). 
Plant individuals in germinative and reproductive phases 
give rise to established populations for growth and 
expansion. In the fecundity phase, the H. suaveolens 

individuals provide propagules for bulk reproductive out-
put (perennial rootstocks + soil seed bank + seeds from 
mature plant individuals), which translates into the field 
abundance of H. suaveolens populations.

Discussion
The PCA ordination yielded two distinct groups based on 
the importance value indices (IVI) of component herba-
ceous species, and the light conditions of the study area 
explained these groups. The most striking result from the 
present study is that the native plant species abundance, 
richness, and diversity of ground vegetation are low in 
open areas characterised by high-light availability and 
dominance of H. suaveolens. Thus, the light-modulated 
dominance of H. suaveolens might have changed the 
herbaceous species composition of the Vindhyan high-
lands. These observations are consistent with numerous 
other studies that have reported the negative impacts of 
invasive species abundance on native species richness in 
forest and grassland ecosystems (Pyšek and Pyšek 1995; 
Morris et al. 2002; Levine et al. 2003; Hulme and Brem-
ner 2006; Stinson et al. 2007; Sharma et al. 2009; Sharma 
and Raghubanshi 2009; Sharma et al. 2017; Afreen et al. 
2018).

Spatial heterogeneity, management practices, and envi-
ronmental factors such as land disturbances (Minor et al. 
2009; Vilà et al. 2011; Kumar et al. 2019), species compo-
sition (Stohlgren et al. 1998), soil properties (Fukano et al. 

Fig. 7  Relationships between and among stand-level, seed-level, and plant-level traits of Hyptis suaveolens under sun (high-light) and shade (low-light) 
conditions. These relations are shown in black and blue lines for high-light and low-light conditions, respectively. Solid and dotted lines represent sig-
nificant and non-significant correlations, respectively. Thick and thin lines signify positive and negative correlations, respectively. Values in parenthesis 
represent the plasticity index (PI) of corresponding traits in response to variable light conditions (l, m, and h denote low, medium, and high PI value ranges, 
respectively) (see methods section for details)
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2013), and abiotic conditions (Popp and Kalwij 2021) play 
a significant role in the establishment and spread of inva-
sive species. Studies have reported that light availability 
acts as a significant determinant of plant growth, repro-
duction (Godoy et al. 2011; Gratani et al. 2014; Goyal et 
al. 2018), plant abundance, and diversity (Stevens and 
Carson 1999; Onoda et al. 2014; Storch et al. 2018). The 
results of common garden experiment revealed enhanced 
germination and recruitment of H. suaveolens individuals 
under the sun than in shade conditions. The findings cor-
respond to the common hypothesis of invasion biology 
that in the early life-history stage, invasive plants show 
enhanced seedling recruitment and survival that promote 
invasion success in introduced ranges (Rejmánek and 
Richardson 1996; Colautti et al. 2006; Pyšek and Richard-
son 2007). The enhanced performance of H. suaveolens 
individuals to light availability is suggested by taller plant 
individuals with an almost four times number of leaves, 
greater plant biomass, and higher SLA in high-light than 
in low-light conditions.

H. suaveolens exhibited opportunistic resource acquisi-
tion potential through a higher leaf number and a greater 
mass-based light-saturated photosynthetic rate, as sug-
gested by higher values of CCI, A, RGRb, and NAR in 
high-light conditions. Since plant individuals depend 
on transpiration water loss to maintain homeostasis in 
high-light conditions (Ducrey 1992; James and Bell 2000), 
high values of stomatal conductance and transpiration 
rate in the sunlit area further characterized the fitness 
and adaptability of H. suaveolens to a sufficiently higher 
level of light intensity. Enhanced performance of vegeta-
tive and reproductive traits, which characterized species 

fitness in response to light availability, have been sug-
gested to be a vital attribute of an invader (Daehler 2003; 
Funk 2008; Molina-Montenegro et al. 2012). H. suaveo-
lens showed a greater plasticity index related to leaf pro-
duction, biomass generation, and seed production under 
the sunlit condition than under the shade condition. 
These traits facilitate the survival and fitness of invasive 
plant species under high-light conditions (Reich et al. 
2003; Rozendaal et al. 2006; Valladares and Niinemets 
2008; van Kleunen et al. 2011; Feng and van Kleunen 
2014; Liu et al. 2016). Robakowski et al. (2018) showed 
that the superior plastic responses of a species to avail-
able light facilitate the competitive advantage of aggres-
sive colonizers over other co-occurring plant species in a 
wide range of environments.

The plant growth chamber experiment results revealed 
high MGP and MRP, increased plant height, and high 
plant biomass under high-light conditions, which were 
similar to the findings of common garden experiments. 
Plants grown in high-light conditions had greater RGRb 
than those in low-light conditions, possibly achieved by 
low SLA and higher NAR. As expected, an opposite trend 
was observed in plants grown in low-light conditions. 
Similar to the present study, other studies also reported 
that plants respond to light heterogeneity by changing 
growth patterns and/or modulation of biomass parti-
tioning to aboveground and belowground plant parts 
(Poorter and Nagel 2000; Dasti et al. 2002; Freschet et 
al. 2018; Cleland et al. 2019; Umaña et al. 2021). Plants 
grown in low-light allocate substantial carbon to their 
root biomass, thus exhibiting higher RMR in response to 
low-light availability. This pattern reflected the survival 

Fig. 8  Illustration depicting different life-history stages and reproductive output of the Hyptis suaveolens individuals (non-overlapping generations) in 
response to sun (high-light) and shade (low-light) conditions. H. suaveolens’s life cycle is divided into four stages: Propagule phase (PP), including dormant 
seed banks (SB) and perennial rootstocks (PR); Germination phase (GP), which denotes the number of seed germination events in the field; Recruitment 
phase (RP), corresponds to established plant individuals; and Fecundity phase (FP), signifies the period of fruiting and total seed number (reproductive 
output). FA field abundance of H. suaveolens populations; d dormancy; f1, f2 and f3 fractions of bulk reproductive output corresponds to RP and FP; S sun 
and SH shade. Values in bold (sun) and non-bold (shade) denote the numbers of plant individuals corresponding to mentioned life cycle stages
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strategy of H. suaveolens during stress conditions if shade 
acted as a stress to the H. suaveolens individuals. Corre-
spondingly, H. suaveolens individuals showed high SMR 
and ABBR in high-light conditions than in low-light 
conditions. This biomass partitioning pattern reflects a 
trade-off between stem growth and allocation of biomass 
to roots.

Invasive plant species tend to exhibit enhanced 
trait response owing to differential energy allocation 
to their resource acquisition structures (Fenollosa et 
al. 2017). Opportunistic light energy acquisition and 
differential resource allocation to the aboveground-
belowground plant systems probably facilitated the 
enhanced trait responses of H. suaveolens to high-
light environments (Freschet et al. 2018; Cleland et al. 
2019). Thus, rapid modulations of resource acquisition 
structures through alteration at the bioenergetics level 
showed the proclivity of H. suaveolens towards ‘Oskar 
Syndrome’. The ‘Oskar Syndrome’ reflects the phenom-
enon of resource (e.g. available light) acquisition and 
allocation by a plant species, facilitating a dynamic 
increase in biomass with exposure to high-light con-
ditions (Silvertown 1984; Closset-Kopp et al. 2011). 
Probably, H. suaveolens individuals characterized by 
quick biomass accumulation along with the produc-
tion of a greater number of small-sized and lightweight 
seeds, and higher interspecific competition from its 
large biomass may have caused low native plant diver-
sity in high-light conditions (Raizada 2006; Schwarz-
kopf et al. 2009). This strategy enables H. suaveolens to 
quickly dominate the available space for the area, bio-
mass, and reproductive fitness. Correspondingly, the 
findings of common garden and plant growth chamber 
experiments indicate that light availability is critical 
for seedling survival, plant growth, and reproduction 
of H. suaveolens in forest edges and clearing of Vind-
hyan highlands.

Based on the results of the present study, interspe-
cific light competition may have acted as a driver for the 
invasion success of H. suaveolens and subsequent loss 
of species diversity, owing to its enhanced light capture 
and opportunistic resource utilization ability, and rapid 
biomass accumulation. Further, high fecundity per plant 
coupled with smaller and lightweight seeds produced 
by H. suaveolens individuals confer the superiority of 
its reproductive output in sunlit habitats and, thereby, 
its dominance. High reproductive output also promotes 
the chances for a species’ propagules to acquire a favour-
able environment for subsequent establishment and 
reproduction (Lockwood et al. 2005; Martínez-Ghersa 
and Ghersa 2006; Simberloff 2009; Wilson et al. 2009; 
Cassey et al. 2018; Alzate et al. 2020). Thus, opportunistic 
resource acquisition-allocation induced high bulk repro-
ductive output of H. suaveolens in heavily infested areas 

facilitated its dominance and invasion pressure in locally 
disturbed habitats.

Disturbances in fragmented forest edges and openings 
in forest interiors cause light heterogeneity, which leads 
to shifting of the species composition (Broadbent et al. 
2008; Legner et al. 2014), owing to differential responses 
of species traits’ to light availability (Godoy et al. 2011; 
Carrión-Tacuri et al. 2013). The present study suggests 
that the H. suaveolens individuals rapidly proliferate, gen-
erate high biomass, produce a significantly high number 
of seeds, and dominate in high-light environments. In 
low-light environments, H. suaveolens maintains a self-
sustaining population of plant individuals showing low 
performance and probably acting as ‘Oskar individuals’ 
(See Closset-Kopp et al. 2007). In the event of anthro-
pogenic disturbances, increased light availability causes 
shade-dwelling ‘Oskar individuals’ to outperform the 
co-occurring native plant species through high resource 
acquisition in a short span of time. The modus operandi 
suggests that H. suaveolens individuals follow a ‘sit and 
wait’ strategy. The ‘sit and wait’ strategy may also explain 
the invasion success of other invasive plant species such 
as Ailanthus altissima, Acer platanoides, Quercus rubra, 
and Robinia pseudoacacia (Knapp and Canham 2000; 
Sanford et al. 2003; Lee et al. 2004). Likewise, Fridley 
et al. (2023) have designated the term ‘superinvaders’ 
to such forest invaders that rapidly grow than other co-
occurring native plant species in high-light conditions 
due to enhanced resource acquisition and allocation 
while maintaining the stable population in the shade con-
ditions. Owing to this peculiar strategy, H. suaveolens 
probably altered the available light and space in its vicin-
ity, leading to the decline of native species.

Conclusion
The present field, common garden, and growth chamber 
studies provide compelling evidence that H. suaveolens 
abundance causes competitive exclusion of co-occurring 
native species in open forest areas with high-light con-
ditions because it rapidly proliferates, generates high 
biomass, produces a significantly high number of seeds, 
and dominates in such environments. The current study 
provides insights on prioritizing areas/habitats infested 
by H. suaveolens to manage the declining native species. 
The study suggests that the forest habitats with open dis-
turbed areas and subsequent light heterogeneity show a 
high invasion risk and should be given the highest pri-
ority for the management of invasive population. The 
insights gained from the study will aid in reducing the 
risk of biological invasions on the native species diversity 
in tropical regions, which is crucial for human wellbeing. 
Nevertheless, the study warrants multi-species common 
garden experiments to further reveal the mechanistic 
processes of competitive exclusion led by H. suaveolens.
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