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Abstract: The present study used the Ecological State Macrophyte Index (ESMI) and the 
multivariate statistical methods to assess the ecological status and the variation of macrophytes in a 
tropical wetland system. Six sites were selected from rehabilitated and non-rehabilitated areas of an 
urban tropical wetland and the water quality parameters (water pH, temperature, conductivity, total 
dissolved solids (TDS),  dissolved oxygen (DO), visibility, biological oxygen demand 5 days after 
incubation (BOD5), chemical oxygen demand (COD), nitrate, chlorophyll-a and total phosphorus 
concentrations), sediment quality parameters (pH, organic matter content, percentage sand, silt and 
clay content) and abundance of aquatic macrophytes were measured. Shannon Weiner diversity 
index, percentage vegetation under anthropo-pressure, macrophyte settlement rate and ESMI were 
calculated. Significant variations in the water and sediment quality parameters were observed and 
ten species of aquatic macrophytes were recorded. Salvinia melosta and Cypreus iria were recorded 
only from the non-rehabilitated sites. Although there was no significant difference in the percentage 
anthropo-pressure among study sites, the rehabilitated sites were displayed low anthropo-pressure. 
The sites in the non-rehabilitated area showed a significantly lower macrophyte settlement rate. 
ESMI and macrophyte abundance showed significant correlations with water quality parameters. 
Based on the results, it can be recommended that applications based on ESMI and multivariate 
statistics can be used to assess the ecological status of tropical wetlands.   
  

Introduction 
Aquatic macrophytes are important components of 
wetland ecosystems. They can grow as rooted 
emergent, rooted submerged or floating vegetation in 
wetlands and play a major role in wetland 
communities by performing direct and indirect 
ecological functions. Aquatic macrophytes are 
important in nutrient cycling, maintenance of water 
quality, prevention of sediment re-suspension and 
providing food and habitats for many other wetlands 
associated organisms (Gidudu et al., 2011). A healthy 
macrophyte community is an indicator of a healthy 
wetland ecosystem. As the rooted macrophytes are 
rooted in the soft muddy bottoms of wetland 
ecosystems, they are able to integrate long term 
changes in water and sediment quality, making them 
ideal indicators of assessing the changes in wetland 
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environments for several seasons or several years 
(Murphy et al., 2003; Lee and McNaughton, 2004). 

Several studies have been conducted to investigate 
effect of environmental characteristics on the changes 
in macrophyte community in various types of wetland 
ecosystems. These studies have shown that, the 
physical and chemical properties of the water and 
sediments can determine the composition of the 
aquatic macrophyte community, thereby influencing 
the health of the ecosystems (Lee and McNaughton, 
2004; Lacoul and Freedman, 2006; Henry-Silva et al., 
2008; Fu et al., 2014). Concentration of nutrients in 
both water and sediments and light penetration were 
recorded to be the strongest predictors of macrophyte 
distribution (Bini et al., 1999; Henry-Silva et al., 
2008). In addition to these major predictors, variation 
of conductivity, Mg, Ca and Na concentrations, 
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 alkalinity, altitude, pH and depth can also have strong 
effects on abundance and distribution of macrophytes 
(Kunii, 1991). In addition to the physical and chemical 
factors, biological factors also play a key role in 
determining the abundance and distribution of 
macrophytes in the wetlands. Many studies have 
identified that primary and secondary succession, 
competitive interactions among plants, patterns of 
herbivory by invertebrates and vertebrates as major 
biological factors that control the composition and 
distribution of aquatic macrophytes in wetlands 
(Gidudu et al., 2011; Dar et al., 2014).  

Biological monitoring is very important in 
predicting the stressors associated with wetland 
communities, as the biological community can have 
both direct and indirect effects due to natural and 
human induced changes in an ecosystem. Therefore, 
there should be reliable, predictable and cost-effective 
comprehensive studies on wetland biological 
communities (Birk et al., 2012; Lyche Solheim et 
al., 2013). However, the common biological 
indicators of wetland health assessment involve 
macrobenthos (Braccia and Vosell, 2006; Dahanayaka 
and Wijeyaratne, 2006; Brraich and Kaur, 2017; 
Wijeyaratne and Bellanthudawe, 2017; Wijeyaratne 
and Kalaotuwawe, 2017; Basu et al., 2018) and fish 
(Karr, 1981; Brousseau et al., 2011; Priyatharsini et 
al., 2018). Comparatively less priority is given to 
studies using aquatic macrophytes as bioindicators. 
Several studies on macrophyte indices in wetland 
health monitoring programmes have been used in 
Europe, but applications are rare in other regions of 
the world (Ciecierska, 2006; Birk et al., 2012; Lyche 
Solheim et al., 2013). 

Aquatic macrophyte indices are also used as 
indicators in wetland health assessment in wetland 
management and rehabilitation programmes. These 
methodologies involve analysis of the spatial and 
structural distribution of aquatic macrophytes in a 
wetland ecosystem for a predetermined time period 
and their spatial and temporal arrangements are 
modeled to predict the wetland health (Ciecierska, 
2006). Ecological State Macrophyte Index (ESMI) is 
a biological monitoring method to assess the 

ecological status of wetlands based on macrophyte 
abundance and diversity characteristics. This method 
involves development of a macrophyte index based on 
ratio of redundancy index and colonization index of 
aquatic macrophytes in wetland ecosystems 
(Ciecierska and Kolada, 2013). This method is applied 
in several studies in the Europian Union to study the 
ecological status of small lakes and wetland 
ecosystems (Willby et al., 2009; Søndergaard et al., 
2010; Ciecierska and Kolada, 2013). However, 
applications of ESMI is very limited in the other parts 
of the world. Therefore, the present study was 
designed to apply ESMI to assess the ecological status 
of a tropical urban wetland system that is associated 
with wide array of diverse land-uses.  

The present study was conducted in an urban 
wetland system located in the commercial capital of 
Sri Lanka, Diyawanna Wetland system. This wetland 
is identified as an important marshland in the area and 
IUCN Sri Lanka and Central Environment Authority 
of Sri Lanka have recognized the Diyawanna Oya 
Wetland, as the Colombo flood retention area and as a 
wetland system that is at a high level of risk. This 
wetland system contains both rehabilitated and non-
rehabilitated areas. The rehabilitated areas are restored 
by wetland rehabilitation programme initiated by the 
Sri Lanka Department of land reclamation and highly 
contribute to the social well-being of the surrounding 
urban and sub-urban communities by facilitating 
income generation activities such as fishing and cattle 
grazing, and collecting reeds, rushes and fuel wood 
and serving as recreational area for family outings and 
water sports. The unmanaged (non-rehabilitated) areas 
are left as pristine habitats and are rich in indigenous 
fauna and flora. However, clearance of land, illegal 
reclamation and construction, dumping of garbage, 
and encroachments are taking place at some areas of 
the ecosystem and these environmental changes are 
affecting the health of the wetland. 

The present study aims to use ESMI and 
mulitivariate analysis techniques to study the 
abundance and distribution of macrophytes in 
different parts of the Diyawanna Wetland ecosystem 
and to thereby characterize the ecological status of this 
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wetland system, which will be very useful in planning 
and management of wetland development activities in 
future wetland restoration activities. 
 
Materials and Methods 
Study sites: Six study sites were selected from both 
rehabilitated and non-rehabilitated areas of the 
Diyawanna wetland system. A map showing the 
locations of the study sites is given in Figure 1. Site A 
(06°54'585''N, 079°54'722''E), site B (06°54'664''N, 
079°54'633''E) and site C (06°54'609''N, 079°54'604'') 
are located in non-rehabilitated areas. But sites B and 
C were in close proximity to the rehabilitated area 
compared to site A (Fig. 1). Site D (06°54'68''N, 
079°54'610''E), Site E (06°54'751''N, 079°54'735''E) 
and Site F (06°54'741''N,079°54'525''E) are located in 
the rehabilitated area (Fig. 1).  
Water and sediment quality parameters: From each 
site, water samples and shallow sediments samples (0-
0.5 m depth) were collected in seven replicates for 
water and sediment quality analysis. Sampling was 
carried out once in 6 weeks for a period of 7 months 
from April to December in 2016. At each sampling 
site, water pH, temperature, conductivity, total 
dissolved solids (TDS) and salinity were measured in-
situ using a calibrated digital multi parameter (YSI 
Environmental Model-556 MPS). Dissolved oxygen 
concentration (DO) was measured using DO meter 
(HQ 40b model-Hach). Visibility was recorded using 
a secchi disk. The biological oxygen demand 5 days 
after incubation (BOD5), Chemical oxygen demand 
(COD), nitrate concentration, chlorophyll-a 
concentration and total phosphorus concentrations 
were measured using the methods described by APHA 
(1992). In addition, sediment pH was measured in-situ 
using the calibrated digital multiparameter (YSI 
Environmental Model-556 MPS). In the laboratory, 
sediment organic matter content was measured by the 
loss on ignition method and the percentage sand, silt 
and clay content of the sediments were measured 
using the sedimentation jar. 
Macrophyte abundance and percentage coverage: 
Line-transect sampling described by Southwood and 
Henderson (2000) was followed to sample the 

macrophytes. A measuring tape was taken to mark 
approximately 5 m distance from bank to the middle 
of the wetland. Intervals of 0.5 m distance was marked 
off using colored tags. Each interval was treated as a 
separate unit of 5 m line transects. At each site, 
individual macrophytes were counted along the line 
transect at 0.5 m intervals started from bank to middle 
of wetland. Seven replicate transects were used at each 
site for macrophyte sampling. Identification of 
macrophytes to the lowest taxonomic level as possible 
was done using the photographic guide of aquatic 
plants prepared by the National Aquaculture 
Development Authority (NAQDA) and the Flora of 
Ceylon (Dassanayake and Fosberg, 1980-1991; 
Dassanayake et al., 1994-1995; Dassanayake and 
Clayton, 1996-2000). The identified samples were 
verified by comparison with the specimens from the 
specimen collection of Department of Botany, 
University of Kelaniya, Sri Lanka. The abundance of 

Figure 1. The study sites in the Diyawannawa wetland, Sri Lanka. 
The study sites A, B and C are located in the non – rehabilitated 
area and the sites D, E and F are located in the rehabilitated area. 
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 each species at each site were recorded. The 
percentage cover of macrophytes at each study site 
was determined by determining the proportion of 
locations where a particular species is present 
compared to the total number of sampled locations as 
described by Southwood and Henderson (2000). The 
macrophyte abundance data were used to calculate 
Ecological State Macrophyte Index (ESMI) for each 
site in the rehabilitated and non-rehabilitated areas of 
the wetland. 
Determination of ESMI: ESMI was determined 
using the phytocoenotic diversification index (H), 
maximum phytocoenotic diversification index (Hmax) 
and vegetation under anthropo-pressure (J). 
Phytocoenotic diversification index (H) was 
calculated from the Shannon-Wiener Index (Panek, 
2001) as following: 

𝐻𝐻 = − �
𝑛𝑛𝑖𝑖
N
∗ ln

𝑛𝑛𝑖𝑖
𝑁𝑁

𝑖𝑖=100

𝑖𝑖

 

Where, H = phytocenotic diversification index, 
𝑛𝑛𝑖𝑖= area of specific plant community in the 
percentage of the total phytolittoral area and N = total 
area of phytolittoral area (100%). The maximum 
phytocoenotic diversification index (H max) was 
calculated as described by Ciecierska and Dynowska 
(2013) using the equation of  𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑙𝑙𝑛𝑛 𝑆𝑆 , where S 
is the total number of communities in the sampling 
site. The vegetation under anthropo-pressure (J) was 
calculated as described by Pielou (1966) using 
equation of J = H/Hmax. The settlement rate of 
macrophytes was determined considering the 
relationship between the area actually occupied by the 
macrophytes (phytolittoral surface) and the surface 
potentially available to them, considered as the area of 
littoral zone where the water is shallower than 2.5 m 
(Ciecierska and Dynowska, 2013). For each site, the 
settlement rate of macrophytes was calculated using 
following equation (Ciecierska and Dynowska, 2013): 

𝑍𝑍 =
𝑁𝑁

𝑃𝑃 − 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖. 2.5
 

Where Z = Settlement rate of macrophytes, N = 
total area of phytolittoral zone in the site (m2), P = the 
total surface area of the site (m2) and isob.2.5 = area 

where the water is shallower than 2.5 m (m2). Using 
the values calculated in above equations, ESMI for 
each site was calculated using following equation 
(Kolada and Soszka, 2004; Ciecierska 2008; 
Ciecierska et al., 2010): 

𝐸𝐸𝑆𝑆𝐸𝐸𝐸𝐸 = 1 − exp [ −  
𝐻𝐻

𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚
∗ 𝑍𝑍 ∗ exp �

𝑁𝑁
𝑃𝑃
�] 

Where, H = phytocenotic diversification index 
(Shannon Weiner diversity index), Hmax = the 
maximum phytocoenotic diversification index, Z = 
Settlement rate of macrophytes, N-total area of 
phytolittoral zone in the site (ha), and P = the total 
surface area of the site (ha). The calculated ESMI 
values were compared with the water quality classes 
established by Ciecierska and Kolada (2014). 
Statistical Analysis: MINITAB 14 statistical 
software package was used in the statistical analysis. 
The data were tested for normality using Anderson 
Darling test. If the data were not normally distributed, 
data were Log 10 transformed before further analysis. 
However, the portioned variables, such as the 
percentage sand, silt, clay, TOC and percentage 
abundance were arcsine transformed before analysis. 
One-way ANOVA followed by Tukey’s pairwise 
comparison was used to assess the spatial variation of 
water and sediment quality parameters and the 
abundance of macrophytes. The Shannon Weiner 
diversity index, maximum phytocenotic 
diversification index, the vegetation under anthropo-
pressure, settlement rate of macrophytes and EMSI 
among the study sites were compared by One-way 
ANOVA followed by Tukey’s pairwise comparison.  

Principal Component Analysis (PCA) was used to 
determine water and sediment quality parameters and 
diversity and biotic indices that describes the 
distribution and abundance of macrophytes in this 
wetland system. Regression relationship of water and 
sediment quality parameters with the diversity of 
macrophytes were used to identify the influence of 
these parameters on the distribution of aquatic 
macrophytes.  
 
Results 
The spatial variation of mean±standard deviation of 
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water quality parameters of the study sites are given 
in Table 1. Water pH, visibility, temperature, 
dissolved oxygen concentration (DO), salinity, total 
phosphate concentration (TP) did not show 
significant spatial variations (P>0.05). Site A of the 
non-rehabilitated area showed significantly high 
conductivity, TDS and significantly low BOD5 and 
COD compared to other sites (P<0.05). Significantly 
high water depth, nitrate concentration, TDS and 
BOD5 were recorded in sites E and F of the 

rehabilitated area, and significantly high COD and 
chlorophyll-a concentration were in all the 
rehabilitated sites compared (P<0.05) (Table 1).  

The spatial variation of mean±standard deviation 
of sediment quality parameters of the study sites is 
given are Table 2. Total organic matter content and 
sediment pH did not show significant spatial 
variations between the studied sites (P>0.05). The 
sites in the rehabilitated area showed significantly 
high sand, clay and silt contents compared to the sites 

Table 1. Spatial variation of mean±standard deviation of water quality parameters at each sampling site. For each parameter, mean values indicated 
by different superscript letters at each row are significantly different from each other (ANOVA, Tukey’s pairwise comparison; n = 7). 

Parameter Non-rehabilitated area Rehabilitated area 
Site A Site B Site C Site D Site E Site F 

pH    6.98 ±0.3a     7.54 ±0.2a   7.63±0.3a   7.78±0.2a    7.38±0.2a   8.05±0.3a 
visibility (cm)   42.7±4.0a    40.2±4.4a    37.7±1.5a    43.3±2.6a    40.8±1.7a     43.76±1.2a    
temperature (oC)   30.74±0.4a    31.34± 0.3a    31.44±0.3a  31.54±0.4a 31.75±0.5a 32.14±0.3a 
conductivity (µs/cm) 345.5±10.5a 253.7± 9.7b    271.6±14.6b     252.4±8.3b 248.69±4.8b  245.23±7.4b    
Water depth (cm)       85.5±3.2a 118.6±9.5a  98.9±5.9a    119.4±2.5a   85.7±6.2b    62.7±6.8b  
TDS (mg/L)   166.25±5.0a    121.68±4.7b   129.98±7.1b   120.47±4.0b   109.90±5.3b  116.84±3.6b    
DO (mg/L)    2.82±0.09a  6.84±0.4b   7.68±0.4b    7.81±0.4b    10.61±0.2c    10.28±1.0c     
salinity (o/oo) 0.16±0.004a   0.12±0.004a 0.12±0.006a  0.12±0.004a   0.11±0.006a  0.12±0.003a  
BOD5 (mg/L) 1.20±0.5a 3.13±0.5b  3.85±0.3b  3.79±0.3b 6.56±0.3c 5.13±0.3c  
total phosphate (mg/L)  0.02±0.004a 0.02±0.003a 0.02±0.004a 0.03±0.005a 0.03±0.006a 0.04±0.008a 
Nitrate (mg/L) 0.01±0.001a 0.02±0.001a 0.02±0.002a 0.02±0.003a 0.037±0.004b 0.04± .002b 
Chlorophyll-a (mg/dm3) 2.05±0.2a 2.45±1.7b  2.40± 0.6a 11.61±0.5b 12.13±2.6b 12.42±0.9b 
COD (mg/L) 173.1 ± 36.4a 305.3±44.7b 285.5±46.9b 384.9±38.8c 387.5±38.2c 454.8±0.1c 

 
Table 2. Spatial variation of mean±standard deviation of sediment quality parameters at each sampling site. For each parameter, mean values 
indicated by different superscript letters at each row are significantly different from each other (ANOVA, Tukey’s pairwise comparison; n = 7). 

Parameter Non-rehabiliated area Rehabiliated area 
Site A Site B Site C Site D Site E Site F 

Sand content (%) 44.6±9.7a 54.3±11.9a 48.7±10.6a 7.7±9.4b 7.3±1.6b 5.5±1.2b 
Silt content (%) 9.9±2.1a 3.9±1.2a 8.1±1.7a 13.6±3.1b 11.9±2.6b 13.1±2.8b 
Clay content (%) 45.5±11.9a 41.8±12.7a 43.3±12.4a 83.8±12.3b 80.76±4.20b 81.50±4.04b 
Total organic carbon (%) 12.42±0.01a 12.34±0.02a 12.36±0.03a 12.35±0.02a 12.48±0.03a 12.48±0.03a 
conductivity (µs/cm) 47.98±0.6a 43.80±0.7a 70.87±2.5b 74.49±2.4b 77.05±1.5b 91.44±1.2c 
pH 6.19±0.08a 5.76±0.24a 6.17±0.11a 6.12±0.12a 6.23±0.13a 6.31±0.10a 

 
Table 3. Spatial variation of mean±standard deviation of percentage coverage of macrophytes at each sampling site. For each species, mean values 
indicated by different superscript letters at each row are significantly different from each other (ANOVA, Tukey’s pairwise comparison; n = 7). 

Species Non-rehabilitated Area Rehabilitated Area 
Site A Site B Site C Site D Site E Site F 

Nymphaea ampla 63.3±3.39a 12.5±3.67b 18.33±5.03b - - 8.33±0.83c 
Cryptocoryne wendtii 10.0±1.75a 1.67±0.11b 11.1±0.1a - 6.67±0.14c - 
Annona glabra 10.8±1.94 a - 4.17±0.15b 1.67±0.14b - - 
Eichhornia crassipes 3.1±0.25a 21.67±3.06b 9.17±3.63a 4.17±1.8a 21.67±4.7b 15.83±3.89ab 
Pistia stratiotes 2.2±1.08a 15.83±2.63b 9.17±2.30bc 12.5±1.81b 29.17±5.75c 11.67±2.44b 
Hydrilla verticillata 6.3±035 - 6.67±2.26 a 7.5±3.08a 7.67±0.17a 7.5±0.2a 
Ceratophyllum demersum 5.9±1.2c - - 11.67±2.64a 10.15±3.89a 8.33±0.83b 
Nymphaea rubra 2.1±0.5c - 29.17±0.62b - - 52.5±3.59a 
Salvinia melosta 1.1±0.1 1.67±0.11a 0.8±0.02 - - - 
Cypreus iria 5.02±0.18a 2.5±0.13a 5.01±0.15a  - - 
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in the non-rehabilitated area (P<0.05). Significantly 
high sediment conductivity was recorded at site F of 
the rehabilitated area and significantly lower 
sediment conductivity was recorded at the sites A and 
B of the non-rehabilitated area (P<0.05) (Table 2).  

The percentage cover of aquatic macrophytes at 
each study site is given in Table 3. Ten species of 
aquatic macrophytes namely, Nymphaea ampla, 
Cryptocoryne wendtii, Annona glabra, Eichhornia 
crassipes, Pistia stratiotes, Hydrilla verticillata, 
Ceratophyllum demersum, Nymphaea rubra, Salvinia 
melosta and Cypreus iria were recorded from the 
study sites. Salvinia melosta and C. iria were recorded 
only from the sites located in the non-rehabilitated 
area. Significantly higher percentage coverage of 
N. ampla (63.3%) and A. glabra (10.8%) were 
recorded from Site A of the non-rehabilitated area 
(P<0.05). Sites B and E showed significantly higher 
percentage coverage of E. crassipes (21.67%) and Site 
E showed significantly higher percentage coverage of 
P. stratiotes (29.17%) (P<0.05). Sites D (11.67%) and 
E (10.15%) of the rehabilitated area showed 
significantly high percentage coverage of 
C. demersum and Site F showed significantly high 
percentage coverage of N. rubra (52.5%) (P<0.05). 
Hydrilla verticillata was recorded from all the study 
sites except site B, and there was no significant 
difference of the percentage coverage between the 
studied sites (P>0.05) (Table 3). 

The Shannon Wiener diversity index, maximum 
phytocenotic diversification index, the vegetation 
under anthropo-pressure, settlement rate of 
macrophytes and Ecological State Macrophyte index 

of the study sites are given in Table 4. The Shannon 
Wiener diversity index of the study sites ranged from 
1.09 to 2.01 and ESMI ranged from 0.29 to 0.8. 
Comparatively high ESMI were recorded from the 
sites located in the rehabilitated area. The highest 
Shannon wiener diversity index was recorded from 
site C (2.01) and the lowest was from Site A (1.09) of 
the non-rehabilitated area (Table 4). Maximum 
phytocenotic diversification index ranged from 1.09 to 
2.20 and the variation was similar to that of the 
Shannon wiener diversity index (Table 4). The 
percentage vegetation under anthropo-pressure ranged 
from 83.1 to 100%. Site A was having the highest 
anthropo-pressure (100%) and site E of the 
rehabilitated area was having the lowest anthropo-
pressure (83.1%). Although there was no significant 
difference in the percentage anthropo-pressure among 
study sites, the rehabilitated sites were displaying 
comparatively low anthropo-pressure compared to the 
non-rehabilitated sites (Table 4). The sites in the non-
rehabilitated area recorded a significantly lower 
macrophyte settlement rate compared to the sites in 
the rehabilitated area (P<0.05) (Table 3).  

PCA score plot for variation of water and sediment 
quality parameters among the study sites in the 
Diyawannawa Wetland is given in Figure 2. The 
eigenvalues of the first two PCs, eigenvectors of the 
water and sediment quality variables and the principal 
component scores for the study sites are given in Table 
5. Two PCs displaying a cumulative variance of 
87.4% were obtained after applying PCA for 5 
principal components. According to the PCA on water 
and sediment quality parameters, the sites C and B of 

Table 4. The mean±standard deviation values of Shannon-Weiner Diversity index (H`), Maximum phytocenotic diversification index, Percentage 
vegetation under anthropo-pressure, Settlement rate of macrophytes and Ecological State Macrophyte index (ESMI)in the study sites (n = 7). 
Different superscripts in each column indicate statistically significant differences (One-way ANOVA, Tukey’s pairwise test; P<0.05). Sites A, B 
and C; non-rehabilitated area and sites D, E, and F; rehabilitated area. 

Site Shannon Wiener 
diversity index 

Maximum 
phytocenotic 

diversification index 

Vegetation under 
anthropo-pressure 

(%) 

Settlement rate 
of macrophytes 

(per m2) 
 (ESMI) 

A 1.09±0.02a 1.09±0.02 a 100±1.2 a 3.50±0.1 a 0.30±0.01 a 
B 1.72±0.01b 1.8 ±0.01b 95±3.6 a 3.25±0.2 a 0.29±0.01 a 
C 2.01±0.01c 2.2±0.01 c 91±1.6 a 3.75±0.2 a 0.32±0.02 a 
D 1.61±0.02b 1.8±0.02 b 89.4±2.6 a 4.5±0.5 b 0.72±0.02 b 
E 1.33±0.02ab 1.6±0.02 ab 83.1±4.6 a 4.5±0.3 b 0.80±0.02 b 
F 1.54±0.02b 1.8±0.02 b 85.5±1.6 a 4.5±0.3 b 0.76±0.1 b 
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the non-rehabilitated area and site D of the 
rehabilitated area grouped together. Sites E and F of 
the rehabilitated area were grouped together 
characterizing by high visibility, depth and percentage 
sand content. Site A of the non-rehabilitated area was 
separated from the other groups characterizing by high 
total phosphorous concentration, total organic carbon 
and percentage clay content of sediments (Fig. 2, 
Table 5). 

PCA score plot based on abundance of 
macrophytes among the study sites in the 
Diyawannawa Wetland is given in Figure 3. The 

eigenvalues of the first two PCs, eigenvectors and the 
principal component scores for the study sites are 
given in Table 6. Two PCs display a cumulative 
variance of 68.2%. The results of the PCA on 
macrophyte abundance indicated that site A was 
grouped separately from other sites and was 
categorized by high abundance of N. ampla. Sites B 
and D were grouped together and they were 
characterized by high abundance of E. crassipes, 
P. stratiotes and S. melosta. Sites E and F were 
characterized by H. verticillata and C. iria, and Site C 
was characterized by A. glabra (Fig. 3, Table 6).  

Table 5. Summary of the PCA of physico-chemical parameters of 
water and shallow sediments of the study sites at the Diyawannawa 
Wetland. Cumulative % variation of only the PC1 and PC2 are 
shown. A high cumulative percentage as high as 87.4 % of the total 
variation among physico-chemical parameters are explained by 
PC1 and PC2 axis. Sites A, B and C; non-rehabilitated area and 
sites D, E, and F; rehabilitated area. 

Eigenvalues 
PC Eigenvalues %Variation   Cum.%Variation 

1 12.2         64.2             62.8 
2 4.41         23.2             87.4 
3 1.47 7.8 95.1 
4 0.52 2.7 97.9 
5 0.40 2.1 100.0 
Eigenvectors (Coefficients in the linear combinations of 
variables making up PC's) 
Variable PC1 PC2 PC3 PC4 PC5 
Water pH 0.218   -0.251   -0.182   -0.339      0.281 
Temperature               0.280   -0.058   -0.041   -0.175    0.170 
EC                     -0.234    0.272    0.039   -0.029   -0.049 
TDS                    -0.245    0.232    0.013   -0.173    0.199 
DO                      0.263   -0.165   -0.089   -0.089   -0.232 
BOD5                   0.264   -0.025   -0.202    0.018   -0.466 
COD                    0.266   -0.148   -0.109    0.094    0.221 
Nitrate                0.262   -0.100    0.267   -0.177   -0.023 
Chlorophyll a      0.215   -0.171    0.348    0.451    0.246 
Total  
Phosphorous        0.251    0.149    -0.080     0.208    0.495 

Visibility              -0.245   -0.157   -0.248    0.361   -0.085 
Depth -0.142     -0.367   -0.236 0.369   -0.153 
%TOC                   0.172    0.346    0.238    0.165   -0.199 
Sediment pH             0.122    0.389   -0.304   -0.113   -0.140 
%sand                   -0.247   -0.204   -0.199   -0.136    0.090 
% Silt                 0.130    0.305   -0.447    0.388    0.156 
 %clay                 0.239    0.213    0.224    0.169   -0.203 
Sediment  
conductivity 0.240    0.123   -0.383   -0.155   -0.003 

Principal Component Scores 
Sample                           PC1 PC2 PC3 PC4 PC5 
Site A  5.093   -2.819   -0.411   -0.218   -0.111 
Site B  1.702    3.153   -1.532    0.009   -0.180 
Site C  1.013    0.515    1.064    1.125    0.575 
Site D        -0.047    1.171    1.811   -0.712   -0.514 
Site E -3.176   -0.529   -0.402   -0.717    0.938 
Site F -4.586   -1.492   -0.530    -0.513 0.707 
 

 

Table 6. Summary of the PCA of the abundance of macrophytes in 
the study sites at the Diyawannawa wetland. Cumulative % 
variation of only the PC1 and PC2 are shown. A high cumulative 
percentage as high as 68.2 % of the total variation among 
macrophyte abundance are explained by PC1 and PC2 axis. Sites 
A, B and C; non-rehabilitated area and sites D, E, and F; 
rehabilitated area. 

Eigenvalues 
PC Eigenvalues %Variation   Cum.%Variation 
1 4.13       41.3             41.3 
2 2.69         26.9             68.2 
3 1.63         16.3             84.5 
4 1.24         12.4             96.9 
5 0.31          3.1            100.0 

Eigenvectors (Coefficients in the linear combinations of variables 
making up PC's) 
Variable PC1 PC2 PC3 PC4 PC5 
Nymphaea  
ampla 0.489   -0.034   -0.043    0.086   -0.016 

Cryptocoryne 
 wendtii      0.342   -0.317    0.310   -0.239   -0.236 

Annona  
glabra             0.478    0.121    0.048   -0.072   -0.168 

Eichhornia  
crassipes              -0.338   -0.405   -0.114    0.159   -0.337 

Pistia  
stratiotes      -0.378   -0.285    0.189   -0.235   -0.459 

Hydrilla  
verticillata   -0.183    0.548    0.034   -0.167   -0.239 

Ceratophyllum  
demersum -0.299    0.076    0.542   -0.168    0.573 

Nymphaea 
 rubra      -0.112    0.191    0.067    0.822   -0.120 

Salvinia  
melosta -0.078   -0.318   -0.629   -0.086    0.388 

Cypreus  
iria -0.131    0.441   -0.395   -0.333   -0.201 

Principal Component Scores 
Sample                           PC 1 PC 2 PC 3 PC 4 PC 5 
Site A  4.025  -0.367    0.438   -0.124    -0.137 
Site B  -0.656   -1.749   -2.098   -0.219    0.243 
Site C  0.065    1.832   -0.861    0.376   -0.849 
Site D  -1.063    1.960    0.320   -1.283    0.575 
Site E           -1.354   -1.751    1.491   -0.713   -0.499 
Site F  -1.017    0.076    0.710    1.963    0.393 
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The results of the linear regression analysis 
showed the coefficients of determination (R2) being 
greater than 0.5 at 95 % level of significance indicated 
strong negative relationship of ESMI with PC1 score 
of water and sediment quality parameters (R2 = 71.4, 

P = 0.034). PC1 score of the macrophyte abundance 
showed a strong negative correlation with the PC1 of 
water and sediment quality parameters (R2 = 64.4, P 
= 0.025, Fig 4). However, Shannon Weiner diversity 
index (H) did not show a significant relationship with 

Figure 2. Ordination of the study sites based on PC1 and PC2 scores of PCA of the physico-chemical parameters of over lying water and sediments 
of the study sites in rehabilitated and non – rehabilitated areas in the Diyawannawa Wetland. The study sites A, B and C are located in the non – 
rehabilitated area and the sites D, E and F are located in the rehabilitated area. 

Figure 3. Ordination of the study sites based on PC1 and PC2 scores of PCA of the abundance of macrophytes in the study sites in rehabilitated 
and non – rehabilitated areas in the Diyawannawa wetland. The study sites A, B and C are located in the non – rehabilitated area and the sites D, E 
and F are located in the rehabilitated area. 
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the water and sediment quality parameters (Fig. 4). 
 

Discussions 
Macrophytes are important part of the wetland 
ecosystems as they serve as major primary producers, 
sediment stabilizers and habitat providers 
(Schaumburg et al., 2004). The results of the present 
study indicate that there is a significant variation in the 
abundance of macrophytes in the rehabilitated and 

non-rehabilitated areas in the wetland. Further, 
significantly high abundance of invasive alien species 
is recorded in the non-rehabilitated area compared to 
the rehabilitated area. The rehabilitated area is 
managed under the wetland management programmes 
and the management actions involve dredging to 
increase the depth of the wetland and continuously 
monitoring for the water quality, detecting occurrence 
of invasive alien species and removing them 
accordingly. This may have resulted in a significantly 
low number of invasive alien plants in the 
rehabilitated area.  

However, high chlorophyll-a concentration, 
biochemical oxygen demand, chemical oxygen 
demand, nitrate and DO were recorded in some sites 
of the rehabilitated area. The increased water quality 
parameters in the rehabilitated area may be due to the 
presence of high concentrations of phytoplankton. 
When macrophytes are abundant, they can serve as 
nutrient sinks, utilizing much of the available 
phosphorus and nitrates (Jasser, 1995; Zimmer et al., 
2011; Hilt, 2015). Therefore, in macrophyte abundant 
environments, less potential for high growth of 
phytoplankton can be expected as the nutrient 
availability for phytoplankton is low (Zimmer et al., 
2011; Hilt, 2015). In the rehabilitated area, continuous 
removal of invasive macrophytes may have caused 
availability of nutrients to phytoplankton and resulted 
in high growth of phytoplankton, increasing 
chlorophyll-a concentration, DO, BOD5 and COD.  

Application of univariate to assess the variation of 
abundance of the biological communities are a 
commonly practiced methodology in ecological 
assessments. However, multivariate statistical 
techniques are more sensitive and accurate in studying 
environmental disturbance associated community 
changes in ecosystems (Warwick and Clarke, 1993). 
In Sri Lanka, few studies have been conducted using 
multivariate statistics to assess the variation of 
biological communities in relation to water and 
sediment quality parameters (Dahanayake and 
Wijeyaratne, 2006; Idroos and Manage, 2012; 
Wijeyaratne and Bellanthudawe, 2017). These studies 
have focused on variation of benthic macro-

Figure 4. Linear regression against the PC1 score for physico-
chemical parameters of the sediments and overlying water in the 
study sites.  (a) Ecological State Macrophyte Index, (b) Shannon 
Wiener diversity index, (c) PC1 score for abundance of 
macrophytes in study sites. 
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 invertebrate communities in wetlands in relation to the 
water and sediment quality parameters. In the present 
study, the PCA was used to categorize the study sites 
based on water and sediment quality parameters and 
abundance of macrophytes. Based on the results, the 
sites A and B of the non-rehabilitated area and site D 
of the rehabilitated area were grouped together 
characterizing high visibility and high percentage sand 
content in the sediments. The sites A, B and D were 
located in close proximity to each other and this may 
have caused these sites to share common physical 
parameters. In the PCA on the abundance of 
macrophytes, sites B and D were grouped together and 
site A was separated from others. The results revealed 
that site A is characterized by N. ampla and high 
percentage of total phosphorous, high total organic 
carbon and high percentage clay content of sediments. 
Nymphaea ampla is considered as an invasive species 
that has originated in Caribbean and Central America 
and grows as a dense patch which is covering the 
water surface like a mat preventing light penetration 
and blocks the interface between air and water, 
decreasing DO in water (Maddy, 2009). The results of 
the present study also agree with Maddy (2009) 
regarding the site A with highest abundance of 
N. ampla has significantly lower DO. Maddy (2009) 
indicates that high abundance of N. ampla can cause 
nutrient release from the degenerating mats increasing 
the phosphorous and organic matter composition of 
the water and sediments. The results also agree with 
these findings regarding site A with highest 
abundance of N. ampla characterized by high total 
phosphorous in water and high total organic carbon in 
sediments. 

Sites E and F of the rehabilitated area were grouped 
together characterizing by high visibility, depth and 
percentage of the sand content, and aquatic 
macrophytes of H. verticillata and C. iria. Hydrilla is 
identified as an important plant used in constructed 
wetlands to remove nutrients and to trap suspended 
solids (Langeland, 1996; Barko and james 1998; 
Knight et al., 2003; Tanaka et al., 2007). The results 
support the water purification ability of Hydrilla as the 
significantly high visibility recorded from two sites 

where Hydrilla is abundant.  
Macrophyte based ecological quality assessment 

methods provide important information regarding the 
ecological status of the wetlands. However, absolute 
numbers such as the number of species recorded are 
less informative compared to the quantitative ratios of 
abundance of dominant species with relevance to the 
area of the wetland (Ciecierska and Kolada, 2014).  In 
ESMI, a taxonomic composition is quantified using 
the phytocenotic diversity index (H) and the 
maximum theoretically possible Hmax. If the 
anthropogenic or natural influences disturb the 
phytocenotic balance, vegetation patterns are 
simplified and extinction of some communities and 
dominance of other communities can result 
(Rejewski, 1981; Ciecierska et al., 2010). In the 
present study, the ESMI ranged from 0.29 to 0.80 
with significantly lower values in the non-
rehabilitated sites. However, there was no significant 
different of the Shannon Weiner diversity index 
(phytocenotic diversity index (H)) among the study 
sites. The percentage anthropo-pressure in the non–
rehabilitated sites were comparatively higher. The 
rehabilitated sites of this wetland are carefully 
monitored and managed by the land reclamation 
department of Sri Lanka, which in turn provided less 
opportunities for people to engage in activities that 
disturbs the ecological functions of the wetland. 
However, in the non-rehabilitated area, it was 
observed that wetland associated animal farm 
management activities and waste deposition is 
prominently carried out. This may have resulted in the 
comparatively increased anthropo-pressure in the 
sites of the non-rehabilitated area. Further, the 
increased anthropo-pressure may have significant 
effects on the macrophyte resettlement rate. In the 
present study, the macrophyte resettlement rate in the 
rehabilitated sites were significantly higher than that 
of the non-rehabilitated sites. The weed removal, 
dredging and water quality monitoring activities 
conducted by the land reclamation department of Sri 
Lanka may be impose positive effects on the 
macrophyte resettlement rate in the rehabilitated 
portion of the Diyawanna Wetland.  
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According to boundary values of the ESMI index 
for classifying the ecological status in wetlands 
introduced by Ciecierska and Kolada (2014), ESMI 
values between 0.205-0.409 indicate moderate 
ecological status, 0.410-0.679 indicate good 
ecological status and values at or above 680 indicate 
high ecological status. In the present study, all the 
sites in the non-rehabilitated area were categorized 
into the moderate ecological status and all other sites 
are categorized as the high ecological status. 
Therefore, the present study proves that wetland 
rehabilitation programmes are successful in 
improving the ecological status of wetlands.  

Further, the regression analysis between ESMI and 
the PC1 score based on water and sediment quality 
parameters indicated a significant positive association 
indicating that 71.5% of the variation of ESMI can be 
accounted due to variations in the water and sediment 
quality parameters. Therefore, the present study 
provides evidence of the suitability of adopting ESMI 
in ecological status classifications in the tropical 
wetland ecosystems. These macrophyte indices, 
together with multivariate statistical applications 
provide important information on the relationships 
between water quality, sediment quality and 
macrophyte indices which in turn can be used in long 
term wetland restoration and wetland management 
programmes. 
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