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Abstract 

Urbanization has affected natural freshwater environments by contamination with sewage, toxic 
chemicals, and excess nutrients, which cause algal bloom, pollution, and ecosystem degradation. To 
ensure sustainable use of natural waters, appropriate monitoring methods are required. This study aims to 
investigate the diversity of the microbial community in a metropolitan river system in Japan using a low-
cost DNA-based approach, PCR (Polymerase Chain Reaction)-RFLP (Restriction Fragment Length 
Polymorphism), as a potential bioindicator of environmental change. Surface waters were sampled in 
seven sites in a river system. Water chemical parameters and concentrations of heavy metals were 
determined. Microbial DNA was extracted from the samples, ribosomal RNA was amplified with 
universal primers, and RFLP was scored by agarose gels. Water chemical analyses showed that surface 
water at the inflow point of a sewage treatment plant had signs of eutrophication. Heavy metal 
concentrations in surface water were low (< 0.01 ppm) in all sites. The PCR-RFLP analysis showed 
polymorphisms both in 16S and 18S rRNAs, indicating that the method can detect at least a part of the 
microbiome changes in a river system. Sequencing of some fragments found the sequence close to a 
ciliate isolated in wastewater treatment plants, implying contamination from sewage. Principal component 
analysis (PCA) identified the RFLPs associated with chemical water parameters, which could be 
bioindicators of environmental pollution. We also found the RFLPs independent of water quality 
parameters, suggesting that this simple DNA-based analysis can also detect biological changes in water 
ecosystems that are not quantified by chemical measurements of water quality. 
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Introduction 

Natural freshwaters such as lakes, rivers, and streams in cities are important places for cleaning 
wastewater and urban sewage, buffering heavy rainfall, and human recreation. They are also the main 
sources of drinking water in many countries. Increasing human population and urbanization has affected 
natural freshwater environments by contamination with sewage, toxic chemicals, excess nutrients, and the 
construction of river walls, which cause harmful algal bloom, environmental pollution, and ecosystem 
degradation [1] and hamper the use of natural freshwater environments for human consumption and 
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recreational activities in cities. To ensure sustainable use of natural freshwater environments in cities, 
appropriate monitoring methods and systems are required to identify signs of environmental deterioration 
in advance. 

Microorganisms in freshwater environments in cities play critical roles in the biogeochemical 
cycling of organic matter and nutrients, the maintenance of ecosystem health, and the biodegradation and 
transformation of pollutants [2,3]. The diversity and community structure of microorganisms in water can 
change in response to physicochemical and biotic parameters and, thus, can be used as indicators of 
environmental changes [4-9]. Biomonitoring using indicator species of macroinvertebrates in water has 
been widely used in water management practices to infer water quality and ecosystem health status 
[10,11]. In addition, the effects of urban human activity on freshwater environments have been 
intensively studied using physicochemical parameters, such as nutrients [12] and heavy metals [13], but 
has been less explored by microbial community analyses [7]. In particular, previous studies on 
microbiome responses to anthropogenic disturbances have focused on oceans and lakes, and only a few 
studies have been conducted in rivers and groundwaters [14]. 

Microbial community analyses have long been dependent on culture-based methods, where the 
methods have been biased in the evaluation of microbial diversity because only a small percentage of 
microorganisms can grow in artificial cultures. With recent advances in genomics and sequencing 
technologies, microbial community analyses using culture-independent molecular techniques have 
initiated a new era of microbial ecology [15,16]. Although the molecular techniques provide detailed 
information of microbiomes on the basis of diversity of DNA sequences, they need relatively expensive 
reagents and facilities for molecular biological experiments. This hampers the wider use of the DNA-
based analysis of microbiomes. 

This study investigated the diversity of the microbial community in a metropolitan river system in 
Japan based on a low-cost and simple DNA-based approach, namely the PCR-RFLP (Polymerase Chain 
Reaction-Restriction Fragment Length Polymorphism) method. The method is based on the PCR 
amplification of ribosomal RNA with universal primers and the subsequent fragmentation of the 
amplified DNA by restriction enzyme digestion. Restriction enzymes have specific nucleotide sequence 
recognition sites and cut the DNA at those sites. Variation in the sequence at those recognition sites in the 
amplified DNA fragment results in different size fragments among taxa. The banding pattern, i.e., 
distribution of fragment lengths can, therefore, change in relation to changes in microbiomes. This 
technique is relatively inexpensive and requires only basic and widely available molecular laboratory 
equipment [15]. The PCR-RFLP method does not provide any sequence information, in contrast to the 
cloning and sequencing approach, but the fragments separated in an agarose gel can be sequenced 
individually, which provides the chance to identify indicator species of environmental change. 

We, therefore, adopted the PCR-RFLP method to assess microbial community changes in a 
metropolitan river system in Japan. Simultaneously, we made physicochemical measurements of water 
quality and examined correlations of microbial community changes with water quality parameters using 
principal component analysis (PCA). Based on the results, we discuss the potential of the PCR-RFLP 
analysis of microbial community changes as a bioindicator of natural water environmental changes in 
cities. 
 
Materials and methods 

Study sites and sample collection 
The study site is the Yodo river system in metropolitan Osaka, Japan (Figure 1). The river system 

originates from three main rivers (the Katsura river, the Uji river, and the Kizu river), one of which comes 
from Lake Biwa, and flows into Osaka Bay. The river system is located in the largest city area in western 
Japan, including Kyoto (1.5 million population) and Osaka (2.5 million population). Seven sampling sites 
were selected along the Yodo river system. In October 2017, 1 L surface water was sampled from the 
center of the river using a water sampler. Bottom sediments were also collected in five sites using a grab 
sampler for analyses of heavy metals. 
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Figure 1 Map of sampling sites. ① Niwakubo Wando (Yodo River), ② Hirakata Bridge (Yodo River), 
③ Goko Bridge (Kizu River), ④ Goko Bridge (Uji River), ⑤ Miyamae Bridge (Katsura River), ⑥ 
Toba STP (Katsura River), ⑦ Kuzu Bridge (Katsura River). Site ⑥ is an inflow point of treated water 
from a Sewage Treatment Plant. Site ① is a stagnant water area formed by an artificial bank constructed 
from the side of the river. 
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Water quality measurements 
Water temperature was measured at the sampling sites. The pH was measured using a pH meter F-

51 (Horiba, Japan), and electrical conductivity (EC) was determined using an EC meter (CM-25R, Toa, 
Japan). The chemical oxygen demand (COD) was measured using the KMnO4 titration method. Water 
alkalinity was measured by a titration method using 0.01 mol/L H2SO4. Nitrate content (NO3

–-N) was 
measured using a Flow Injection Analyzer (FIA, OG1S-300S). Suspended solids (SS) were measured by 
filtration with a 1 µm filter. For heavy metals analyses, samples were treated with HNO3, and 
concentrations of Cu, Zn, Cd, and Pb were measured using a heavy metal analyzer (ICPS-7510), while 
that of Hg was determined using a mercury analyzer (HG-320 J). 
 

DNA extraction and quantification 
A 100 mL water sample was vacuum filtered with a 0.2 µm pore size polycarbonate membrane 

filter (Advantec, Mfs., Inc. Japan). DNA was extracted from the filter using a PowerWater DNA isolation 
kit (MO BIO Laboratories, Inc.) according to the manufacturer’s protocol. The DNA concentration was 
quantified using a Qubit 2.0 Fluorometer (Invitrogen). 
 

PCR-RFLP 
The 16S ribosomal RNA (rRNA) and 18S rRNA regions were amplified with the extracted DNA 

using Emerald Amp PCR Master mix (TaKaRa Bio) with universal primers (Table 1; [17,18]) and T100 
Thermal Cycler (Bio-Rad). The amplification steps included initial denaturation at 95 °C for 2 min (Step 
1), then 95 °C for 30 s (Step 2), annealing at 52 °C for 30 s (Step 3), extension at 72 °C for 100 s (Step 4), 
and 34 cyclings from Step 2 to 4, with a final extension step at 72 °C for 5 min (Step 5). 

The PCR product (7 µL) was then digested with 0.5 µL restriction enzyme (10 U/µL) of EcoRV, 
ApaI, XhoI, DraI, HinfI, or FokI (Promega), with 1 µL of 10× buffer and 0.1 µL of bovine serum albumin 
(10 µg/µL), for 2 h, 37 °C. Restriction fragments were separated on 1.5 % agarose gel in TAE buffer for 
30 min, 100 V, and stained with ethidium bromide for visualization under a UV illuminator. Along the 
length of the electrophoresis gel, the presence or absence of restriction fragments was scored. The 
fluorescent intensity of each fragment was also scored by 1 = weak, 2 = normal, 3 = strong. 

The three restriction fragments that were specific to some sampling sites were excised from agarose 
gel, purified using Nucleospin Gel and PCR Clean-up (TaKaRa, Japan), and sequenced. The sequences 
were compared with the NCBI Genbank database (May 2019) using the BLASTN program to identify 
plausible species. 
 

Data analysis 
Correlation analysis was performed by computing Pearson’s correlation coefficient (r). PCA was 

performed from the scoring data of PCR-RFLP banding patterns for dimensional reduction, and four 
major principal components (PCs) were computed. The four PCs, integrating the information of RFLP 
banding pattern, total number of bands, and DNA concentration, were used as parameters of microbial 
DNA analyses. These parameters were then combined with the water quality parameters, and a second 
PCA was performed to analyze correlations of molecular biological and water chemical parameters. All 
statistical analyses were performed using the JMP software ver. 10 (SAS Institute). 
 
 
Table 1 Universal primers for 16S rRNA (Bacteria) and 18S rRNA (Eukaryote) 
 

Target Region Primer Name Sequence (5′ to 3′) 

16S rRNA 
16S_UNIV_27F AGAGTTTGATCCTGGCTCAG 
16S_UNIV_1492R GGCTACCTTGTTACGACTT 

18S rRNA 
18S_EukF1 ACCTGGTTGATCCTGCCAG 
18S_EukR1 TGATCCTTCYGCAGGTTCAC 
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Table 2 Water quality measurements in the seven sampling sites along the Yodo river system in Japan. 
Samples were collected in October 2017. The highest values are shown in bold 
 

Sampling site ① ② ③ ④ ⑤ ⑥ ⑦ 
Temp (°C) 16 16 19 17 17 21 16 
pH 6.6 6.5 6.7 6.3 6.9 7.3 6.8 
EC (mS/m) 10.3 10.3 13.4 8.3 11.7 31.4 6.9 
COD (mgO2/L) - 5.0 4.6 5.1 5.3 13.7 3.3 

Alkalinity (mg/L) 
pH 4.8 0.41 0.39 0.52 0.15 0.41 0.85 0.34 
pH 4.3 0.46 0.44 0.57 0.34 0.45 0.95 0.42 

NO3
–N (mg/L) 0.5 0.5 0.3 0.8 0.8 3.5 0.4 

SS (mg/L) 50.3 56.9 42.4 65.7 78.8 13.5 95.4 
Hg (ppm) Water (mg/L) ND ND ND ND ND ND ND 

Cu (ppm) 
Water (mg/L) 0.006 0.011 0.013 0.008 0.012 0.017 0.017 
BS (µg/g) 4.545 1.158 16.323 9.056 19.354 - - 

Zn (ppm) 
Water (mg/L) 0.014 0.015 0.013 0.014 0.019 0.031 0.014 
BS (µg/g) 40.862 31.317 12.212 35.504 86.596 - - 

Cd (ppm) 
Water (mg/L) ND ND ND ND ND ND ND 
BS (µg/g) ND ND ND ND ND ND ND 

Pb (ppm) 
Water (mg/L) 0.004 0.006 0.005 0.004 0.008 0.002 0.007 
BS (µg/g) 0.021 0.333 12.192 9.136 21.640 - - 

ND = Not Detected < Detection Limit (ppm): Hg = 0.0001, Cu = 0.001, Zn = 0.001, Cd = 0.0003, Pb = 
0.001; BS = Bottom Sediment; - = Missing data. ① Niwakubo Wando (Yodo River), ② Hirakata Bridge 
(Yodo River), ③ Goko Bridge (Kizu River), ④ Goko Bridge (Uji River), ⑤ Miyamae Bridge (Katsura 
River), ⑥ Toba STP (Katsura River), ⑦ Kuzu Bridge (Katsura River). 
 
 
Results and discussion 

Water quality 
Table 2 shows the results of water quality measurements at seven sampling sites along the Yodo 

river system in Japan. Sampling site ⑥, the inflow point of the sewage treatment plant, shows a different 
profile from other sites: Water temperature, pH, EC, COD, Alkalinity, and NO3

–-N in site ⑥ were higher 
than other sites, whereas SS was the smallest in site ⑥. Sewage from the residential areas, containing 
organic and inorganic pollutants, alters the physicochemical parameters of freshwater, such as pH, 
temperature, dissolved oxygen content, and COD, which greatly affects the microbial community 
structure [19]. 

Heavy metal concentrations in surface water were generally low (< 0.01 ppm), indicating no serious 
pollution in the river system. We also measured the heavy metal concentrations of bottom sediments in 
the first five sites and found much higher concentrations than those of surface water. Heavy metal 
concentrations in bottom sediments tended to be correlated with those in surface water: Cu, r = 0.59 (p = 
0.30); Zn, r = 0.95 (p < 0.05); Pb, r = 0.55 (p = 0.34). Site ⑤, Miyamae bridge on the Katsura river, 
showed higher concentrations of heavy metals than the other sites. Benthic invertebrate assemblages are 
often used to quantify the ecological condition of aquatic ecosystems and water quality [10,11]. Because 
of higher heavy metal concentrations in bottom sediments than surface water, the DNA-based analysis of 
the benthic organismal community in bottom sediment is also important to assess the potential risk of 
pollution and to identify bioindicators of ecosystem degradation in river systems [20,21]. 
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Figure 2 PCR-RFLP on agarose gels for microbial DNAs in water sampled in seven sites along the Yodo 
river system in Japan. 1.5 % agarose gels were used for separations. Six restriction enzymes are shown on 
the left. ① Niwakubo Wando (Yodo River), ② Hirakata Bridge (Yodo River), ④ Goko Bridge (Uji 
River), ⑤ Miyamae Bridge (Katsura River), ⑥ Toba STP (Katsura River), ⑦ Kuzu Bridge (Katsura 
River). ⑥ is an inflow point of treated water from the Toba Sewage Treatment Plant. 
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PCR-RFLP 
Figure 2 shows the PCR-RFLP banding pattern across six sampling sites, and Table 3 summarizes 

the polymorphic information of restriction enzymes used. Each enzyme produces three to twelve visible 
bands on the agarose gel. Restrictions by the three enzymes XhoI, HinfI, and FokI resulted in higher 
levels of polymorphism in the presence/absence of bands among the study sites (Table 3), indicating that 
these enzymes are useful for analyses of microbial genetic diversity. In contrast, EcoRV, ApaI, and DraI 
restriction fragments of 16S rRNA did not show any polymorphisms in the presence/absence of bands 
among sites. Although our data resulted from only a few sampling sites in a river system, the results 
indicated potentially informative enzymes that can distinguish microorganismal diversity in freshwater 
environments. 

Sequencing analyses of three bands specific to some sampling sites successfully identified plausible 
species (Table 4). A restriction fragment of 18S rRNA by the enzyme ApaI was specific to site ⑤ 
(Miyamae bridge at Katsura river), and its nucleotide sequence was close to a protozoan of Chyrophyceae 
isolated in a Japanese river [22], indicating that similar species inhabit the Katsura river. Some restriction 
fragments of 18S rRNA by the FokI enzyme were specific to sites ① and ⑥, and the sequence was close 
to a ciliate (Glaucoma scintillans) isolated in wastewater treatment plants [23]. The ciliate is a common 
protozoan in sewage and can be contaminated in the inflow of site ⑥. Site ① (Niwakubo wando) is an 
artificial pond directly connected to the Yodo river, and both sites ① and ⑥ had stagnant water, while 
other sites had fast-flowing water in the center of the river. Stagnant water environments may be favored 
by the ciliate. The third sequence sample, collected from the restriction fragment of 18S rRNA by the 
enzyme HinfI, which was specific to sites ④ and ⑦, shows a close nucleotide sequence with an 
environmental DNA sample collected in a mesotrophic lake in Japan [24]. 

Table 5 summarizes microbial DNA analyses. The DNA concentration in surface water was the 
highest in site ⑥, an inflow site of the sewage treatment plant, which may be the best site for microbes in 
terms of relatively high temperature, high nutrients, and high organic contents indicated by EC and NO3

–

N (Table 2). The total number of bands, an indicator of microbial genetic diversity, was the highest in site 
① (Niwakubo wando), where stagnant water environments may allow diverse microbes to thrive, such as 
protozoa and phytoplankton species. PCA integrates the RFLP banding pattern into four PCs (Table 5): 
the RFLPPC1 corresponded to 39.3 % of the total variance and was the highest in site ⑥, while the second 
RFLPPC2 integrated 21.8 % of the total variance and was the highest in site ①. The third RFLPPC3 and 
fourth RFLPPC4 contained 16.8 and 14.2 % variance and were the highest and lowest in site ⑦, 
respectively. The RFLP PCs showed no clear clustering or correlation among the six sites, indicating a 
high diversity of banding patterns. 

The major disadvantage of the PCR-RFLP approach is its limited ability to distinguish the diversity 
of DNA sequences, and potentially informative variation in DNA sequences may be cryptic to the method 
[16]. However, our PCR-RFLP approach with multiple enzymes showed a high level of polymorphism, 
especially in 18S rRNA (Table 3), and identified a part of microbiome diversity in a river system (Table 
5). The resolution of genotyping can be enhanced by increasing the restriction enzymes used and using a 
high-resolution, denaturing gradient gel electrophoresis [25]. 
 

Water quality & microbiomes 
To evaluate the potential usefulness of microbial DNA analyses as water quality assessments, we 

performed a second PCA based on the correlations between the seven parameters of microbial DNA 
analyses (Table 5) and 10 parameters of water quality (Table 2, excluding temperature, COD with a 
missing data, and heavy metals in bottom sediments). 
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Table 3 Polymorphism of six restriction enzymes used for PCR-RFLP in 1.5 % agarose gels 
 

Restriction enzyme 
16S rRNA  18S rRNA 

No. of bands† % Polymorphism§  No. of bands† % Polymorphism§ 
EcoRV 5 0 (40)  4 75 (75) 
ApaI 3 0 (33)  3 67 (67) 
XhoI 4 75 (100)  5 80 (80) 
DraI 3 0 (67)  4 25 (100) 
HinfI 7 57 (100)  12 83 (100) 
FokI 7 100 (100)  5 80 (100) 
†, The total number of different-sized bands separated in 1.5 % agarose gels (See Figure 2 for gel 
images). 
§, Percentage of polymorphic bands based on presence/absence of the band for six samples. Percentages 
of polymorphic bands based on the score of band intensity are also shown in parentheses. 
 
 
Table 4 Sequencing of PCR-RFLP fragments amplified from microbial DNAs 
 

Target 
Region Enzyme Length 

(bp) 
Sampling 
Site 

Top hit by BLASTN on NCBI database 

Identity (%) Genbank ID Organism 
18S rRNA ApaI 900 ⑤ 99.7 AB749110 Chrysophyceae 
18S rRNA FokI 1,462 ①⑥ 98.8 AJ511861 Glaucoma scintillans 
18S rRNA HinfI 324 ④⑦ 99.4 AB622330 Freshwater eukaryote 

 
 
Table 5 Summary of molecular biological analyses of microbial DNAs extracted from surface water in 
six sampling sites along the Yodo river system in Japan 
 
Sampling site ① ② ④ ⑤ ⑥ ⑦ 
DNA concentration (µg/L) 1.18 2.08 1.98 2.58 4.70 0.88 

No. of bands† 
16S rRNA 25 21 18 22 22 23 
18S rRNA 23 19 15 21 16 19 

PCA of RFLP banding pattern§ 

RFLPPC Eigenvalues % Variance 
explained 

① ② ④ ⑤ ⑥ ⑦ 

RFLPPC1 20.8 39.3 –2.89 –5.13 –2.49 4.82 6.31 –0.61 
RFLPPC2 11.6 21.8 4.36 –0.60 –4.29 3.46 –2.83 –0.11 
RFLPPC3 8.9 16.8 2.45 –3.30 –0.66 –3.42 1.16 3.77 
RFLPPC4 7.5 14.2 2.47 1.54 –1.47 –2.21 3.15 –3.48 

†, Total number of visible bands in 1.5 % agarose gels generated by PCR-RFLP with six restriction 
enzymes (See Figure 2 for gel images). 
§, Principal component analysis was performed using the PCR-RFLP banding patterns for dimensional 
reduction. Four principal components (RFLPPCs) are shown with their eigenvalues and percentage 
variance explained. 
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Figure 3 Principal component analysis of water quality parameters and microbial DNA parameters 
measured at six sites in the Yodo river system, Japan. Left figures are scatter plots of three principal 
components: ① Niwakubo Wando (Yodo River), ② Hirakata Bridge (Yodo River), ④ Goko Bridge 
(Uji River), ⑤ Miyamae Bridge (Katsura River), ⑥ Toba STP (Katsura River), ⑦ Kuzu Bridge 
(Katsura River). Right figures show scatter plots of principal component loadings of each parameter. 
 

 
The second PCA of the 17 parameters among six sites resulted in the first PC of 57.7 % variance 

explained (Figure 3). Along the first PC, site ⑥ was well separated from the other sites. Loading plots 
show that the first PC was negatively correlated with the concentrations of Pb and SS and positively 
correlated with other water parameters. As mentioned earlier in the section on water quality, site ⑥ had 
different water quality parameters than the other sites (Table 2), and the PCA visualized the data structure 
well. The microbial DNA concentration (DNA c.), RFLPPC1, and RFLPPC4 were also integrated into the 
first PC (Figure 3), indicating that these microbial DNA parameters represented microbiome changes 
associated with the changes in water quality parameters. The inflow from sewage treatment plants in the 
river may induce eutrophic environments and result in the dominance of fast-growing microorganisms. In 
addition, sewage may also introduce microbiological contamination to the river [26]. The fragment with a 
close nucleotide sequence to ciliate (Table 5) could be a bioindicator of inflow contamination from 
sewage. 

Interestingly, the second PC, with a 17.8 % variance, consisted of the factors of RFLPPC2, number of 
bands, and RFLPPC3 (Figure 3), and was not correlated with any water parameters measured. Therefore, 
these parameters of microbial DNA analyses represent microbiome changes independent of water quality 
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data measured in this study. Because site ① had the highest value of second PC (Figure 3), its stagnant 
water environment may form a different microbial community than the other water-floating environments. 
Other topographic, hydrological, and geological factors, such as water flow rate, water depth, and 
connection to Lake Biwa, might also be potential factors shaping the microbiome changes represented by 
the second PC. Furthermore, the third PC with 12.8 % variance visualized the cluster of loading vectors 
of Cu, pH, and RFLPPC1 and separated the RFLPPC4 from other water parameters (Figure 3). This 
indicates that RFLPPC1 had close relationships with Cu and pH, and RFLPPC4 is another axis of variance 
independent of water quality parameters, although the % variance explained is low (12.8 %). 

The PCR-RFLP analyses of 16S rRNA have successfully detected changes in bacterial community 
diversity in response to the heavy metal pollutions in a Chinese river [27] and the contamination of 
livestock wastewater in groundwater [28]. The PCR-based cloning approach analyzing microbial 
community structure in water samples in a Chinese copper mine identified significant associations of 
microbial community composition and water environmental variables, such as pH, iron, sulfur, and 
calcium concentrations [29]. Thus, previous studies have demonstrated the usefulness of the PCR-RFLP 
method to detect microbial community changes in response to water environmental pollution. We found a 
sign of microbial community changes possibly associated with the input of treated sewage water in the 
Yodo river system in Japan. We also suggest that the PCR-RFLP analysis of microbial DNA can detect 
microbiome changes that are independent of the changes in chemical water quality, implying that the 
microbial DNA analysis can characterize additional aspects of water environments (such as topographic, 
hydrological, or geological aspects) that are not represented by the chemical parameters of water quality. 
 
Conclusions 

The present study shows water environmental assessment based on water chemistry and 
microbiomes in a metropolitan river system in Japan. The results demonstrate that a simple molecular 
analysis (PCR-RFLP) can sensitively detect at least a part of the microbiome changes. The PCA suggests 
that the microbiome changes detected by PCR-RFLP are associated with water quality changes caused by 
the input of treated sewage water, indicating that the method has the potential for developing 
bioindicators of environmental pollution. Further sequencing analyses of restriction fragments are 
required to make a list of microbial species as a potential indicator of water environmental changes in the 
river system. Currently, a high-throughput sequencer can produce massive sequence data of microbiomes 
from environmental samples, and the cost is decreasing rapidly. This technical development will further 
promote microbiome analyses as a direct detector of pathogenic microbes and as sensitive indicators of 
ecosystem degradation and environmental pollution. 
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