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Abstract 
The successful establishment of an invasive plant in a novel environment has 
been attributed to the phenotypic plasticity of plant traits, with most studies fo-
cussing on vegetative trait plasticity in either experimental and/or natural habi-
tat conditions. This study explores the role of phenotypic plasticity, in both 
vegetative and reproductive traits, of an invasive plant Mikania micrantha 
growing as a ground cover in diverse urban areas in the city of Kolkata, India. 
Quadrat based plant and soil sampling was conducted in three habitat types, 
namely roadsides, natural areas and abandoned plots, from four regions within 
the city. The above ground biomass and fitness related vegetative and seed traits 
were estimated from the plant samples whereas soil macro-and micro-nutrients 
as well as soil health (in terms of organic carbon and microbial biomass carbon) 
were estimated from the soil samples. Habitat-specific selection of traits in M. 
micrantha was observed in this study. In roadside population which has more 
chances of long distance dispersal, the excessive production of reproductive 
biomass as a compensatory response to the low germination ability of the seeds 
was evident. In natural areas which are more prone to anthropogenic distur-
bance and where the plant has greater chances of local spread, modulation of 
both vegetative (higher SLA) and reproductive traits (lighter seeds with faster 
germination ability) helped the plant to maintain its population. In abandoned 
plots where there was more number of associated species, the longer span of 
germination and increased population height ensured the survivability of M. 
micrantha in the community. Thus, a continuous monitoring program to check 
for M. micrantha growth should be prioritized in urban areas due to its immense 
trait plasticity in different habitat conditions where uncontrolled growth can lead 
to its establishment and spread, thereby making its control more difficult. 
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1. Introduction 

Mikania micrantha Kunth, commonly known as “mile-a-minute” weed, is con-
sidered to be one of the top 10 worst weeds of the world [1]. This herbaceous 
creeper with a pantropical distribution has now spread to Oceania and most of 
the Asian countries [2]. Its detrimental presence in India has been reported 
mainly from forests and plantations of southwest and northeast India [3] [4]. 
Since the past few years, luxuriant growth of M. micrantha has also been noted 
along roadsides, abandoned plots, managed plantations, and on the margins of 
water bodies in the metropolitan city of Kolkata, although these were mostly re-
stricted to small ground cover patches [5]. Urban areas often act as immigration 
gateways for invasive species to enter through transportation networks [6] where 
they initially reside in small isolated patches leading to their lower visibility and 
lesser chance of detection. These small patches then become propagule sources 
for spread to natural areas [7] [8] thereby increasing their chance of successful 
establishment in a novel environment [9]. After establishment, invasive plants 
can alter the soil profile through their direct and indirect effects [10]. Native 
species often fail to cope up with the altered soil conditions in disturbed urban 
environments, thereby paving the way for successful colonization of non-native 
species. 

Studies on phenotypic plasticity, or the ability of the same genotype to express 
different phenotypes in response to different environmental conditions [11], 
provide key ecological understanding of the underlying mechanisms of an inva-
sive plant’s success in a novel environment [12] [13]. Modulation of phenotypic 
plastic traits provide invasive species a competitive advantage over the native 
species in the community by overcoming a series of biotic and abiotic barriers 
for successful establishment, broadening its habitat niche in the invaded range 
[14] [15], and enabling it to grow and reproduce in a wide range of environ-
mental conditions [14] [16] [17] [18]. Being plastic may allow a population of 
invaders (even one as small as 10 - 20 individuals) to quickly adapt to the new 
environment and to maintain higher fitness relative to the native taxa, thereby 
establishing dominance in the community [14].  

Leaf traits are widely studied since they are the key functional traits that are 
linked to plant responses to environmental variability [19] [20] [21] and stress 
tolerance [22]. The majority of these studies focus on differences between spe-
cies, using species average trait values (e.g. [23] [24] [25]). However, plant func-
tional traits can vary substantially within species [26] [27] and therefore taking 
intraspecific trait variation into account may improve the accuracy and resolu-
tion of such studies [28]. The importance of reproductive traits such as the ger-
mination behaviour of a species has recently been highlighted to be a critical 
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factor for a species to become invasive in novel environments [29] [30]. A 
short-term germination advantage provides invasive species with a strong com-
petitive advantage over native species [31] which can strongly affect the fitness, 
growth and survival of a species in a community [30] [32]. 

There are a few studies that have explored trait modulation strategies for indi-
vidual plants growing in an urban environment in the Indian sub-continent 
(e.g., Ricinus communis [33], Calotropis procera [34]). Precise locally collected 
data available from different regions and environments [35], especially for the 
most serious invaders, would aid in obtaining meaningful results. Most 
world-wide trait based experimental studies on M. micrantha have primarily fo-
cused on its vegetative traits. The species has been reported to have higher pho-
tosynthetic activity, greater water and photosynthetic nitrogen use efficiency 
[36], low leaf construction cost [37], and high regeneration capacity from clonal 
fragments [38] to explain its competitive advantage in the community by using 
comparisons of congeners. However, much less is known about the plasticity of 
the sexual reproductive traits of M. micrantha as well as its adaptive potential in 
a heterogeneous urban environment. Along with its year-long vegetative growth, 
M. micrantha also reproduces sexually during the winter season [39]. In spite of 
producing self-incompatible flowers, M. micrantha has been found to be an ex-
tremely successful colonizer [40], and appears to be an exception to the Baker’s 
law [41]. The plasticity in mating systems has been found to increase the 
long-distance colonizing ability of an invasive species, and assuring reproduc-
tion at low population densities [42] which could be crucial for invaders to colo-
nize urban areas. In view of increasing urbanization, which is now considered a 
major driving force of plant biodiversity loss and community homogenization 
[43], integrated studies involving both vegetative and reproductive traits that af-
fect the ability of a population to tolerate environmental heterogeneity [44], are 
necessary for understanding the plasticity patterns in M. micrantha. 

This study was, therefore, formulated to evaluate the importance of pheno-
typic plasticity in vegetative and reproductive traits involved in M. micrantha’s 
tolerance to different habitat conditions in an urban environment. A basic un-
derstanding of the soil characteristics on growth of M. micrantha in different 
disturbance prone areas could also help undermine the difference in trait plas-
ticity responsible for their fast adaptability in urban areas. The hypothesis to be 
tested was that the survival ability of M. micrantha is a function of plasticity of 
its fitness-related traits (in terms of both growth and reproduction) to heteroge-
neous habitat conditions induced by anthropogenic disturbances prevalent 
within an urban locality. 

2. Materials and Methods 
2.1. Site Description and Sampling Design 

The Greater Kolkata region (88˚22'15.66''E, 22˚39'20.48''N), with a wide mosaic 
of contrasting habitats, was chosen as the study area (Figure 1(a)). The area was 
divided into four regions (north, south, east, west) within which three habitats 
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from each region were selected with profuse M. micrantha growth, considered to 
be representative of the disturbance factors prevalent in an urban locality. The 
three habitat types were roadsides (Figure 1(b)) with vehicular disturbance, 
natural areas (Figure 1(c)) with maximum anthropogenic disturbance, and 
abandoned plots (Figure 1(d)) with minimal disturbance. Some of the factors 
which influence disturbance regimes in roadsides, natural area and abandoned 
plots have been listed in Table 1. 

The study was conducted during the winter season (January to February, 
2015) with temperatures ranging from 13˚C - 16˚C with no or negligible pre-
cipitation. In this season, M. micrantha reproduces sexually by forming seeds 
along with its year-long vegetative growth. This season ensured availability of 
both vegetative as well as sexual reproductive traits, presumably involved in local 
adaptation and closely related to fitness. In each habitat type, a quadrat based 
sampling method [45] was chosen for recording and collecting plant and soil 
samples from three representative sites. The above ground biomass and individ-
ual samples for plant traits were collected from two different quadrats, each of 
size 0.5 × 0.5 sq. m. (Figure 1(b1), Figure 1(c1), Figure 1(d1)). A smaller qua-
drat of size 0.25 × 0.25 sq. m was used to sample and estimate the seed related 
traits (Figure 1(b2), Figure 1(c2), Figure 1(d2)). After harvesting the above 
ground biomass, soil samples were collected from within the same quadrat 
(Figure 1(b3), Figure 1(c3), Figure 1(d3)). 

At each site, prior to plant sample collection, the community composition 
within the quadrat (0.5 × 0.5 sq. m) was also recorded. The associated plants 
occurring with M. micrantha were identified and recorded while some of the 
unknown species were sampled and identified later from the Botanical Survey of 
India (BSI), Shibpur, Howrah. 

2.2. Estimation of Plant above Ground Biomass and Traits 

Ten randomly selected 8-noded individual plants were sampled from the first 
quadrat of size 0.5 × 0.5 sq. m for measurement of leaf related traits and ten oth-
er plants were additionally harvested for measurement of proline content. Since 
it is otherwise not possible to select plants of uniform age due to its vegetative 
mode of reproduction, the 8th nodal leaf from the tip of each plant was selected 
to overcome any age-related variation. The average height of the plant popula-
tion was estimated from 10 random observations recorded within the second 
quadrat (0.5 × 0.5 sq. m) following which the total above ground biomass (a 
measure chosen for quantifying the productivity of the sites) was harvested. 

All individual plants and biomass samples were brought to the laboratory in 
polythene bags. Proline was estimated from fresh plant samples following Bates 
et al. [46], and expressed on a fresh weight basis. The leaf related trait measure-
ments along with laminar nitrogen, phosphorus, and potassium content were es-
timated following standard protocols (Table 2), and expressed on a leaf area ba-
sis. The vegetative and reproductive biomass was measured separately and ex-
pressed on a dry weight basis along with the nitrogen content of the plant parts. 
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Figure 1. Site characteristics of the three habitats with M. micrantha growth. (a) Location of the three habitats in the four regions 
of the Greater Kolkata area; (b) M. micrantha patch along roadsides, (b1) 0.5 × 0.5 sq. m. sampling of above ground biomass, note 
the dust deposition on the leaves, (b2) seed sampling from within a 0.25 × 0.25 sq. m. quadrat, (b3) soil sampling; (c) M. micran-
tha patch in a natural habitat, (c1) above ground biomass sampling from within a 0.5 × 0.5 sq. m. quadrat, (c2) seed sampling, (c3) 
soil sampling; (d) M. micrantha patch in an abandoned plot, (d1) 0.5 × 0.5 sq. m. sampling of the above ground biomass, (d2) seed 
sampling, (d3) soil sampling. 

 

Table 1. Disturbance characteristics prevalent in the three habitats within the study area. 

Disturbance  
characteristics 

Habitat types 

Roadsides  
(n = 12) 

Natural areas  
(n = 12) 

Abandoned plots  
(n = 12) 

Vehicular 

Dust deposition Yes No No 

Automobile waste Yes No No 

Anthropogenic 

Road construction material Yes No No 

Construction debris No Yes No 

Plastic wastes No Yes Yes 

Human trampling No Yes No 

Bio-excreta No Yes Yes 
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Table 2. Details of vegetative and reproductive traits of M. micrantha studied in the three urban habitat types. 

 Plant traits 
Units of  

measurement 
Methods of measurement 

Pe
rf

or
m

an
ce

 m
ea

su
re

s 

Above Ground biomass gm 
Destructive sampling of plant materials within a quadrat of 0.5 × 0.5 sq. 

m. size 

The above ground biomass was divided into vegetative and reproductive plant parts 

Vegetative biomass gm Includes stems and leaves of plant samples 

Reproductive biomass gm Includes the inflorescence of plants 

 Population height cm 
Average height of the population measured on 10 mature individuals 

up to the general height of the foliage 
Average species richness Number Number of associated species within the quadrat 

V
eg

et
at

iv
e 

Leaf surface area (LA) mm2 
Scanned measurements of 2 fresh 8th nodal leaves of each of 10 indi-

vidual plants using a flat-bed scanner providing. tiff images which were 
processed using the software LAFORE [48] 

The pooled estimate of a sample of 10 individuals’ aggregate LA was used to calculate the leaf traits 

Lamina dry biomass gm 
Lamina samples (2 × 10 plants) oven-dried to constant weight at 75˚C 

for 3 days  
Specific Leaf Area (SLA) mm2∙g−1 LA divided by its oven-dry mass 

Leaf Dry Matter Content (LDMC) mg∙g−1 Calculated as dry weight divided by fresh weight of lamina 

Proline n∙mol∙g−1∙FW Following standard methodology of Bates et al. [46] 

Vegetative N % N∙mg−1 
Vegetative N per mg of plant sample following Nelson and Sommers 

[49] 
Laminar N area−1 % N∙mm−2 Lamina N/lamina area  

Laminar P area−1 mg∙kg−1∙mm−2 Lamina P (estimated colorimetrically following [50])/Lamina area  

Laminar K area−1 mg kg−1∙mm−2 Lamina K (estimated in flame photometer following [51])/Lamina area 

Re
pr

od
uc

tiv
e 

Reproductive N % N∙mg−1 Reproductive N per mg of plant sample [49] 

Seed weight gm Average weight of 50 seeds in each replica 

Final Germination  
Percentage  

% 
Following standard methodology of estimation of seed germination 

parameters [47] Mean Germination Time (MGT) Days 

Median Germination Time (T50) Days 

2.3. Estimation of Seed Traits 

Mature capitulums were harvested from within a 0.25 × 0.25 sq. m. quadrat 
(Figure 1(b2), Figure 1(c2), Figure 1(d2)). The seeds were removed from the 
mature capitulum and 100 seed weight estimated for each site. For germination 
studies, 50 seeds per site, with 3 replicates each, were set in petri dishes and 
maintained in a controlled environment of a Growth Chamber (Tempera-
ture-27˚C, Humidity-75%, 16 h light 8 h dark). The seeds were considered as 
germinated with the onset of 2 leaves. The germinated seeds were counted daily 
and removed from the Petri dish to avoid the repeat counting error. The expe-
riment lasted for one month, and the following germination parameters were es-
timated following standard methodologies [47]: 
Final Germination percentage (FGP) = 

( )Number of germinated seeds Total number of planted seeds 100×  

Mean germination time (MGT) ( ) ( )nD n= ∑ ∑  
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where, n = number of seeds germinated on day D, and  
D = number of days counted from the beginning of the germination. 

( ) ( )Germination Index t tGI G D= ∑  

where, Gt is the number of germinants at day t and  
Dt is the number of days that have elapsed. 

Median germination time (T50) =  
Time taken for 50% of the seeds to germinate. 

All the above parameters involve only those seeds that were able to germinate 
in the allotted time essentially regarded as Restricted MGTs and T50s [52]. 
These severely underestimate the true MGT and T50 of the seed lot because they 
do not adjust for the larger germination times which remain unobserved due to 
termination of the experiment. Thus, it is also necessary to consider viable seeds 
that have not germinated/emerged at the end of an experiment (also known as 
censored observations). These censored observations were also taken into ac-
count to estimate the germination survival functions [53]. 

2.4. Soil Sampling and Estimation of Soil Parameters 

After harvesting the above ground plant biomass, soil samples from each site 
were collected from a depth of 0 - 10 cm from a 0.5 × 0.5 sq. m. quadrat by using 
soil-grab-sampling method (Figure 1(b3), Figure 1(c3), Figure 1(d3)). The soil 
samples were divided into two fractions, put in polythene bags and brought to 
the laboratory. One fraction of soil was air-dried and sieved using a 2 mm sieve 
to remove plant materials, soil micro fauna, debris and stones. The air-dried 
samples were analyzed for available nitrogen (N) following the Kjeldahl method 
[54], available phosphorus (P) following colorimetric molybdenum-blue-method 
[55], available potassium (K) following neutral ammonium acetate extract me-
thod determined by flame photometer [56] and organic carbon (OC) using 
K2Cr2O7-H2SO4 oxidation method following Nelson and Sommers [57]. The 
concentrations of heavy metals like copper, zinc, iron and manganese, all of 
which are considered to be essential micronutrients for plants, were also esti-
mated following standard methods of Lindsay and Norwell [58]. Major sources 
of these metals in urban soils include vehicular emission and industrial waste 
materials [59]. 

The remaining fraction of the fresh soil sample (3 replications for each site) 
was analysed to estimate microbial biomass carbon (Cmic), a biological and 
eco-physiological indicator of soil quality for sustaining plant growth [60], using 
the chloroform fumigation-extraction method [61]. In this method, each sample 
was divided into two sub-samples (10 g dry weight equivalent) of which one was 
fumigated with ethanol free chloroform for 24 h in a vacuum desiccator, while 
the other was treated as a control. Both the fumigated as well as the control sam-
ples were extracted with 0.5 M K2SO4 for 30 minutes (300 rpm) in an oscillator 
[62] and the resulting extracts filtered. Cmic in filtrates was determined by potas-
sium dichromate method and computed using the difference between fumigated 
and control samples with a conversion factor of 0.38 for Cmic [61]. Cmic values 
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were finally expressed as soil microbial quotient Cmic/Corg (the ratio of the micro-
bial biomass C to organic C) following Li et al. [63]. 

2.5. Statistical Analysis 

All data were checked for their compliance with assumptions of normality and 
non-normal data subjected to various transformations based on their frequency 
distribution. For normally distributed data, comparison of plant (vegetative and 
reproductive) and soil traits among different habitats was done using one-way 
ANOVA followed by post-hoc Tukey’s HSD test, whereas non-parametric alter-
natives of between groups’ comparison tests, namely Kruskal-Wallis H and 
post-hoc Mann-Whitney U test, were applied to the data that was not normally 
distributed. For comparing plant and soil parameters between the three habitats, 
there were 12 (3 sites × 4 regions) observations for each habitat. For all cases, the 
significance level was set at 5% level of probability. 

To estimate germination survival functions, the ‘germination time’ was used 
to calculate the germination probability, i.e. the probability that an individual 
seed germinates after a specific time‘t’, considering the initial event at t = 0. The 
germination probability was estimated non-parametrically by using the Kap-
lan-Meier method for every seed lot (i.e. seeds sampled from the population of 
roadsides, natural areas, and abandoned plots) including the censored observa-
tions. The null hypothesis i.e. no difference in the overall germination probabil-
ity between groups (i.e. different habitats) was tested using the Log-rank (Man-
tel-Cox) test [64] [65] which calculates a Chi-square (χ2) statistic that is com-
pared to a χ2-distribution with two degrees of freedom. The survival plot displays 
the time course of germination probabilities (or the germination functions) 
which takes the form of a non-increasing step function, starting from 1 at time 0 
and approaching 0 as time increases [53]. 

All the statistical analyses were carried out using SPSS version 18.0 and R ver-
sion 3.2 while data and outputs were visualized by SigmaPlot Version 12.0. 

3. Results 
3.1. Vegetative Traits of M. micrantha 

There was no significant difference in the productivity of M. micrantha popula-
tions, as is evident from the total above ground biomass values for the three ha-
bitats in Table 3. However, the roadside population produced significantly 
higher amount of reproductive biomass (mean biomass = 9.9 gm ± 2.6) in com-
parison to natural areas (1.2 gm ± 0.5; p = 0.002) and abandoned plots (1.5 gm ± 
0.5; p = 0.008). 

The vegetative and reproductive trait values of M. micrantha in the three ha-
bitat types are also presented in Table 3. The roadside plants were found to 
produce significantly higher LA (29.37.3 mm2 ± 524.6; p = 0.047) and have 
higher LDMC values (0.18 mg∙g−1 ± 0.01; p = 0.008) in comparison to the plants 
of natural areas. The proline content was found to be significantly high in plants 
of natural areas (19.2 n∙mol∙g−1 ± 4.4; p = 0.001) and roadside populations  
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Table 3. Vegetative and reproductive traits of M. micrantha in the three urban habitat 
types. 

Plant traits 
Units of  

measurement 

Habitats 

Roadsides 
(n = 12) 

Natural areas 
(n = 12) 

Abandoned 
plots 

(n = 12) 

Biomass     

Above Ground biomass gm 44.8 ± 3.1 36.0 ± 4.2  35.4 ± 3.6 

Vegetative biomass gm 34.9 ± 2.9 34.8 ± 4.3 33.9 ± 3.5 

Reproductive biomass gm 9.9a ± 2.6 1.2b ± 0.5 1.5b ± 0.5 

Community level     

Population height cm 5.1 ± 0.5 4.5 ± 0.1 6.2 ± 0.8 

Average species richness Number 2.08 ± 0.3 2.83 ± 0.2 5.25 ± 0.4 

Vegetative traits     

Leaf surface Area (LA) mm2 
2937.3a ± 

524.6 
1701.1b ± 

184.4 
2033.7 ab ± 

250.9 

Specific Leaf Area (SLA) mm2∙g−1 
12362.2 ± 

1838.9 
14854.9 ± 

1510.5 
11753.3 ± 

1140.2 
Leaf Dry Matter Content 
(LDMC) 

mg∙g−1 0.18a ± 0.01 0.15b ± 0.01 0.17 ab ± 0.01 

Proline n∙mol∙g−1∙FW 12.2a ± 2.1 19.2a ± 4.4 5.4b ± 1.2 

Vegetative N % N∙mg−1 1.96 ± 0.2 1.99 ± 0.3 1.76 ± 0.2 

Laminar N area−1 % N∙mm−2 0.19 ± 0.03 0.26 ± 0.03 0.24 ± 0.04 

Laminar P area−1 mg∙kg−1∙mm−2 0.03 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 

Laminar K area−1 mg∙kg−1∙mm−2 25.1a ± 4.5 90.9b ± 12.8 41.1a ± 8.6 

Reproductive traits     

Reproductive N % N∙mg−1 2.2a ± 0.2 2.1ab ± 0.2 1.6b ± 0.03 

Seed weight gm 
0.0077 ± 

0.001 
0.0059 ± 
0.0002 

0.0086 ± 
0.0012 

Final Germination  
Percentage  

% 71.8 ± 3.5 82.2 ± 4.2 81.0 ± 3.2 

Mean Germination Time 
(MGT) 

Days 5.1a ± 0.5 4.5a ± 0.1 6.2b ± 0.8 

Median Germination 
Time (T50) 

Days 5.0 ± 0.22 4.0 5.0 ± 0.18 

Different lower case letters indicate significant differences between the seasons, as revealed by Tukey’s HSD 
test and Mann-Whitney test at p = 0.05 level. 

 
(12.2 n∙mol∙g−1 ± 2.1; p = 0.005) than those in abandoned plots (5.4 n∙mol∙g−1 ± 
1.2). The plants in the natural areas showed maximum SLA (14854.9 mm2∙g−1) in 
comparison to the other two habitats. The abandoned plots had the maximum 
number of associated species (5.25 ± 0.4) and M. micrantha was found to attain 
maximum height (6.2 cm ± 0.8) in this habitat. 

3.2. Reproductive Traits of M. micrantha 

Significantly high amount of reproductive N (2.2% N∙mg−1 ± 0.2) was found in 
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the roadside population of M. micrantha when compared to that of abandoned 
plots (1.6% N∙mg−1 ± 0.03; p = 0.011). However, the final germination percen-
tage of the seeds from the roadside population was found to be the lowest (71.8% 
± 3.5) among the three habitat types. The lightest seeds of M. micrantha popula-
tion in natural habitats (0.0059 gm ± 0.0002) showed fastest germination capa-
bility in terms of having the lowest MGT and T50 values (Table 3). In the aban-
doned plots, M. micrantha population produced heavier seeds (0.0086 gm ± 
0.0012) and took a significantly longer time to germinate (MGT = 6.2 days ± 0.8) 
compared to those from roadside population (5.1 days ± 0.5; p = 0.038) and nat-
ural areas (4.5 days ± 0.1; p = 0.009). 

3.3. Seed Survival Functions of M. micrantha 

The analysis of seed germination survival functions using the log-rank test, pre-
sented in the Kaplan-Meier survival plots (Figure 2), revealed a significant dif-
ference in germination survival functions between the seeds of the three differ-
ent habitats (χ2 = 35.1; p < 0.001). The seeds of M. micrantha from natural areas 
showed significantly better germination survival function than the seeds from 
roadside population (χ2 = 29.3; p < 0.001) and those from abandoned plots (χ2 = 
18.4; p < 0.001). As evident from the survival plots (Figure 2), the seeds sampled 
from the abandoned plots (represented by blue line) required more number of 
days for the germination process to be completed (as evident from more number 
of step functions) in comparison to that of the seeds sampled from roadsides as 
well as natural areas. 

The probability of having censored seeds (not having germinated) after 7 days 
 

 
Figure 2. Kaplan-Meier survival plots of M. micrantha seeds sampled from three differ-
ent habitats. The final cross represents censored observations. 



A. K. Banerjee et al. 
 

845 

(t = 7) was maximum in abandoned plots [P (7) = 0.36 ± 0.02], followed by those 
in roadsides [P (7) = 0.33 ± 0.02] and natural habitats [P (7) = 0.2 ± 0.016] 
(Table 4). It took 12 days for the germination process to be completed in seeds 
sampled from M. micrantha population growing in natural habitats with the 
lowest probability of having the censored seeds [P (12) = 0.178 ± 0.016] com-
pared to 15 days in those from roadside population [P (15) = 0.282 ± 0.018] and 
21 days in those from abandoned plots [P (21) = 0.19 ± 0.016]. 

3.4. Analysis of Soil Parameters in the Three Habitat Types 

Soil nitrogen content was found to be significantly low along roadsides (0.0109% 
± 0.0012) in comparison to natural areas (0.0207% ± 0.0026; p = 0.008) and 
abandoned plots (0.0239% ± 0.0019; p < 0.001) (Table 5). The OC content was 
the lowest in roadside soils, though not significant. MBC values (501.4 µg/gm ± 
61.6) were significantly lower along roadsides when compared to natural areas 
(1101.6 µg/gm ± 120.6; p < 0.001) and abandoned plots (1267.6 µg/gm ± 226.5; p 
= 0.005). Among the heavy metals, manganese (Mn) content was significantly 
 
Table 4. Estimated probability of having censored seeds at time t (varying from 4 to 21 
days) for the seed lots sampled from the three different habitats of the study area. 

Probability of having censored seeds 

At time (t days) 
In habitats 

Roadsides Natural areas Abandoned plots 

04 0.580 ± 0.020 0.430 ± 0.020 0.660 ± 0.019 

05 0.460 ± 0.020 0.280 ± 0.020 0.493 ± 0.020 

06 0.390 ± 0.020 0.240 ± 0.020 0.420 ± 0.020 

07 0.330 ± 0.020 0.200 ± 0.016 0.363 ± 0.020 

08 - 0.187 ± 0.016 0.298 ± 0.019 

09 - 0.185 ± 0.016 0.290 ± 0.019 

10 0.303 ± 0.019 0.180 ± 0.016 0.260 ± 0.018 

11 - - 0.253 ± 0.018 

12 0.293 ± 0.019 0.178 ± 0.016 0.222 ± 0.017 

13 0.285 ± 0.018 - 0.213 ± 0.017 

14 - - 0.208 ± 0.017 

15 0.282 ± 0.018 - 0.207 ± 0.017 

16 - - 0.205 ± 0.016 

17 - - 0.203 ± 0.016 

18 - - 0.202 ± 0.016 

19 - - 0.200 ± 0.016 

20 - - 0.198 ± 0.016 

21 - - 0.190 ± 0.016 

“-” in a cell indicates no germination event recorded on that day, and thus the probability of having censored seeds 
remains unchanged from the previous day. 
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Table 5. Estimates of soil parameters in the three habitats of the study area. 

Soil parameters 
Units of  

measurement 

Habitats 

Roadsides Natural areas Abandoned plots 

Available N % 0.0109a ± 0.0012 0.0207b ± 0.0026 0.0239b ± 0.0019 

Available P % 0.0074a ± 0.0004 0.0052ab ± 0.0011 0.0038b ± 0.0008 

Available K % 0.0231 ± 0.0024 0.0646 ± 0.0189 0.0291 ± 0.0033 

Organic carbon µg/gm 19423.1 ± 1935.4 24884.7 ± 2663.7 20156.5 ± 2234.2 

MBC µg/gm 501.4a ± 61.6 1101.6b ± 120.6 1267.7b ± 226.5 

Cmic/Corg - 2.7a ± 0.3 4.7ab ± 0.5 6.7b ± 1.1 

Cu ppm 12.6 ± 3.7 5.5 ± 1.2 10.9 ± 3.8 

Zn ppm 10.7 ± 2.2 7.3 ± 2.0 8.1 ± 1.6 

Mn ppm 27.1a ± 4.3 65.7b ± 3.0 63.8b ± 4.0 

Fe ppm 39.8 ± 5.2 53.0 ± 10.7 39.6 ± 5.8 

Different lower case letters indicate significant differences between the seasons, as revealed by Tukey’s HSD 
test and Mann-Whitney U test at p = 0.05 level. 

 
low in roadside soils (27.1 ppm ± 4.3) as compared to natural areas (65.7 ppm ± 
3.0; p < 0.001) and abandoned plots (63.8 ppm ± 4.0; p < 0.001). 

4. Discussion 

The ability of the plant to grow in all the studied habitats of an urban locality 
was evident from the non-significant difference in the productivity of M. mi-
crantha population (vegetative biomass) across the habitat types. However, a 
significant high amount of reproductive biomass of M. micrantha in the road-
side population possibly indicated the ability of the plant to modulate its repro-
ductive trait in response to disturbance prevalent along roadsides. Similar kinds 
of trait modulation in disturbance gradients of urban habitat have been reported 
in other plants, e.g. Ricinus communis [33] and Calotropis procera [34].      

4.1. Modulation of Plant Traits along Roadsides 

The soil along roadsides appeared to be resource poor compared to the other 
two habitats, as evident from a significantly low soil N, Mn content and MBC 
values. While soil nitrogen is critical for plant growth [66], soil Mn is an essen-
tial micro-nutrient and is the key to the entire status of soil redox [67]. A poten-
tially low redox is known to negatively affect soil microorganisms [68], which is 
probably reflected from the low MBC values in the roadside soils. 

A high probability of germination failure in this habitat could have resulted 
from the low seed resource content as evident from its lighter seeds. However, 
the roadside M. micrantha population was found to produce a large number of 
seeds in order to ensure population sustainability. The roadside plants are often 
exposed to high vehicular disturbance which enables the seeds to be carried over 
long distances [69] [70]. To ensure survivability of seeds, the plants possibly al-
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located more resources to its reproductive part, as evident from the significantly 
high amount of reproductive N content. The capacity to produce a large number 
of seeds at the expense of vegetative structures is one of the key strategies of the 
invasive species to maintain a steady dynamic population [33]. 

This strategic adaptation of M. micrantha was also evident in the laminar 
characteristics of its roadside population through its high LDMC values, signi-
fying high content of sclerenchyma and vascular tissues [71], and lower amount 
of laminar N content. More-over, large amount of dust deposition on the leaf 
surface of the roadside population could result in blockage of stomatal conduc-
tance [72] [73] which might decrease photosynthetic efficiency. To counteract 
this and to compensate for the preferential resource allocation to reproductive 
parts, the roadside plants were found to produce significantly large LA for better 
acquisition of sunlight and increased photosynthetic efficiency. 

It is interesting to note that in this low resource environment M. micrantha, 
being a disturbance tolerant species [74], could exist in monocultures along the 
roadsides. A high uptake rate of mineral N by M. micrantha for its monospecific 
growth could also be responsible for the low soil N concentration observed along 
roadsides [36] [75]. Swamy and Ramakrishnan [76] reported high phosphorus 
concentration in shoots of M. micrantha which indicates its capacity to mobilize 
and store soil P. High levels of available P in M. micrantha invaded roadside 
plots could also influence its growth induced by a rapid phosphorus cycle [75]. 

The ground cover form of M. micrantha, as found in this study, is very likely 
to form a canopy over the resident species, causing their death and subsequent 
decay which could be another major strategy of M. micrantha to achieve do-
minance in the community [79]. Moreover, this life form could be directly de-
trimental to native vegetation since it covers the soil surface and could smother 
other low-growing plants by inhibiting native seedling regeneration [77]. The 
low number of average species richness accounts for the loss of other associated 
species in this habitat. 

4.2. Modulation of Plant Traits in Natural Areas 

A significantly high amount of proline in the leaves of M. micrantha could be 
indicative of the higher stress that the population in natural areas are exposed to 
compared to the other two habitats possibly due to the influence of more anth-
ropogenic disturbance. Proline acts as a marker of stress and its accumulation 
may be part of a stress signal which might influence adaptive responses [78] in 
plants by modulating both its vegetative as well as reproductive traits. Among 
the vegetative traits, possession of high SLA allows efficient capture of solar 
energy which enables opportunistic resource acquisition for growth and repro-
duction in invasive plants. This appears to be a key mechanism that makes SLA 
so important for invasive species [79]. SLA is closely correlated with other plant 
traits such as photosynthetic capacity, leaf N content, leaf life-span, and impor-
tantly, relative growth rate [80]. In this non-limiting resource environment of 
natural areas with comparatively higher soil N values, high SLA reflected the 
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expected return on assimilated resources [81], thereby maintaining the produc-
tivity of the population. The ability to produce leaves with an increased surface 
area rapidly and to avoid significant investment of biomass in long lasting 
structures is critical in disturbed natural habitats where fast growth is supreme. 

Among the reproductive traits, the population produced light seeds with fast 
germination ability. The presence of low amount of storage food reserves in the 
seeds, as evident from its low seed weight, could have resulted in faster (low 
MGT and T50) and more efficient germination of seeds. This is also evident 
from the low probability of having censored seeds at the end of the germination 
experiment. A capacity for rapid germination is a useful strategy to mitigate the 
effects of inter-specific competition [82] [83], as it can suppress the germination 
or establishment of later germinating seedlings of neighboring species [84]. The 
seed germination efficiency has been considered as one of the key traits of plant 
invasiveness [30]. Increased disturbance enhances seed production [85] and co-
pious production of light, wind-dispersed seeds is generally correlated with the 
ability to respond to large disturbances [86]. 

4.3. Modulation of Plant Traits in Abandoned Plots 

The absence or minimal presence of disturbance in the abandoned plots was 
evident from a significantly low amount of proline in M. micrantha leaves, and 
the increased availability of soil nutrients, resulting in a higher species richness. 
In this habitat, with more number of resident species in the community, M. mi-
crantha was found to increase its average population height to be able to harvest 
more light energy, and increase its photosynthetic efficiency. The height of a 
population has been recognized to be one of the key strategies for invasive plant 
success in a competitive environment [87]. 

Less disturbed abandoned plots facilitate soil microbes to utilize organic car-
bon more efficiently than in natural areas. Consequently, an increase in micro-
bial biomass was observed in this habitat. A high microbial biomass in soils with 
low organic carbon probably resulted in a higher soil microbial quotient in 
abandoned plots when compared to those from natural areas. This quotient is an 
important index by which the ability of soil micro-organisms in the recycling of 
carbon, nitrogen, and phosphorus in soils can be assessed [88]. High values of 
the microbial quotient, as observed in this habitat, reflects the efficiency of mi-
crobial incorporation and stabilization of soil organic carbon by the soil mineral 
fractions [89]. It, therefore, indicates that the average availability of OC is greatly 
improved and turnover on soil carbon pool is enhanced. This increase of bio-
availability of soil nutrients may be another factor for M. micrantha in becoming 
a successful invader [63]. A well-developed root system of M. micrantha also 
ensures a high nutrient competitive ability compared to other associated plants 
with lower root biomass [74], enabling it to grow rapidly, and to suppress other 
plants in the process. 

M. micrantha population were found to have the highest seed weight, thereby 
implying more food reserves which might help in establishing its progenies in a 
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community where a large number of species compete for space and resources. 
The high amount of storage material in the seeds enable seedlings to compete 
better with superior survivability [33], eventually leading to a significantly high 
MGT of the seeds. However, despite having the longest duration of germination 
process, as found in the survival analysis, the probability of having censored 
seeds is less than 20%. This finding indicates the efficiency of the M. micrantha 
population to allocate resources in production of seeds with enough food storage 
to sustain the germination process in a competitive environment and to assure 
efficient germination as well. 

5. Conclusions 

This study, for the first time, demonstrates the phenotypic plasticity of M. mi-
crantha traits (both vegetative and sexual reproductive traits) in a disturbed ur-
ban environment. The production of more reproductive biomass in the roadside 
population, modulation of both vegetative and reproductive traits in anthropo-
genically disturbed natural areas and increased population height with a longer 
span of seed germination in abandoned plots enabled the plant to maintain its 
population in the different habitat types.   

Patch of M. micrantha was found close to road networks in Kolkata in our 
earlier study [5] which is indicative of its increasing chance of dispersal to unin-
vaded interior areas where the plant can successfully grow and establish its pop-
ulation. Moreover, the plant has also been observed to grow luxuriantly along 
the margins of the waterbodies [90]. With its highly adaptive ability, the plant is 
therefore capable of increasing its range from conventional terrestrial to littoral 
habitats also, thereby escalating the problem many folds. Given the fact that M. 
micrantha is difficult to control once it attains dominance in the community, a 
continuous monitoring, irrespective of habitat types, should be prioritized to 
detect and timely respond to a rapid increase in its population. 
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