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Abstrak: Dalam kajian ini, analisis faktor (FA) telah digunakan untuk mendapatkan faktor-faktor tersembunyi yang bertanggungjawab untuk variasi kualiti air dalam kedua-dua musim hujan dan panas. Sampel air diambil dari enam stesen persampelan (St. 1 Sungai Lalang, St. 2 Sungai Semeling, St. 3 Sungai Jagung, St. 4 Sungai Teluk Wang, St. 5 Sungai Gelam dan St. 6 Sungai Derhaka) di muara Merbok, Malaysia dari Januari hingga Disember 2011; sampel telah dianalisis selanjutnya di makmal. Analisis korelasi daripada set data menunjukkan korelasi yang kuat antara parameter. Nutrien seperti nitrat (NO3–), nitrit (NO2–), ammonia (NH3) dan fosfat (PO43–) menjadi petunjuk penting kualiti air sepanjang tahun. Parameter kualiti air yang mempengaruhi semasa musim hujan ialah kekonduksian, kemasinan, keperluan oksigen biokimia (BOD), oksigen terlarut (DO) dan klorofil a (Chla), manakala pepejal terampai total (TSS) dan pH merupakan indikator kualiti air penting pada musim kemarau. Ujian Kruskal-Wallis H menunjukkan bahawa parameter kualiti air berbeza dengan signifikan antara bulan-bulan persampelan dan stesen (p<0.05), dan ujian Mann-Whitney U seterusnya mendedahkan parameter yang berbeza dengan signifikan adalah suhu, pH, DO, TSS, NO2– dan BOD (p<0.01), manakala kemasinan, konduktiviti, NO3–, PO43–, NH3 dan Chla tidak berbeza secara signifikan (p>0.05). Parameter kualiti air di muara ini bervariasi secara temporal dan spatial, dan keputusan ini dapat berfungsi sebagai maklumat garis asas untuk pengurusan muara, khususnya untuk muara Merbok.

Kata kunci: Analisis Faktor, Perubahan Bermusim, Parameter Fizikokimia, Muara Merbok

Abstract: In this study, factor analysis (FA) was applied to extract the hidden factors responsible for water quality variations during both wet and dry seasons. Water samples were collected from six sampling stations (St. 1 Lalang River, St. 2 Semeling River, St. 3 Jagung River, St. 4 Teluk Wang River, St. 5 Gelam River and St. 6 Derhaka River) in the Merbok estuary, Malaysia from January to December 2011; the samples were further analysed in the laboratory. Correlation analysis of the data sets showed strong correlations between the parameters. Nutrients such as nitrate (NO3–), nitrite (NO2–), ammonia (NH3) and phosphate (PO43–) were determined to be critical indicators of water quality throughout the year. Influential water quality parameters during the wet season were conductivity, salinity, biochemical oxygen demand (BOD), dissolved oxygen (DO) and chlorophyll a (Chla), whereas total suspended solid (TSS) and pH were critical water quality indicators during the dry season. The Kruskal-Wallis H test showed that water quality parameters were significantly different among the sampling months and stations (p<0.05), and Mann-Whitney U tests further revealed that the significantly different parameters were temperature, pH, DO, TSS, NO2– and BOD (p<0.01), whereas salinity, conductivity, NO3–, PO43–, NH3 and Chla were not significantly different (p>0.05). Water quality parameters in the estuary varied on both temporal and spatial scales and these results may serve as baseline information for estuary management, specifically for the Merbok estuary.

Keywords: Factor Analysis, Seasonal Variation, Physico-chemical Parameters, Merbok Estuary

INTRODUCTION

Estuarine and coastal areas have complex and dynamic aquatic environments (Morris et al. 1995). Estuarine ecosystems play an important role in the global economy and biodiversity of the region (Smith & Hollibaugh 1993) as well as act as a transitional zone between land and sea (Bardarudeen et al. 1996). A large number of physical and chemical processes occur as the river water mixes with seawater, which may influence water quality (Anitha & Kumar 2013). Water quality within estuaries is deteriorating due to rapid industrialisation and aquaculture practices along the river. Estuaries and coastal areas are essential for domestic, industrial, and agricultural purposes and are also used as a means for waste disposal, transportation, food sources and recreational activities (Boon et al. 1992). These areas are facing an increasing number of ecological problems due to the population increase and the resulting rapid economic development. These problems lead to an excess of nutrients from industrial and municipal waste water as well as from forest and agricultural products (Ball 1992). Nutrient loads discharge into the estuaries and cause eutrophication, which affects biological communities (Wang et al. 1999). Hydrobiological studies are therefore important to better understand the different trophic levels and food webs of these aquatic systems (Damotharan et al. 2010).

Water quality varies both spatially and temporally. River discharge and pollutant concentration in water bodies vary with temporal variations in precipitation, surface runoff, interflow and groundwater flow (Vega et al. 1998). Seasonal changes in surface water quality are used to interpret temporal variations in river pollution caused by natural or anthropogenic inputs from point and nonpoint sources (Ouyang et al. 2006; Fan et al. 2012). Previous water quality monitoring studies focused on the physical and chemical parameters as well as a few key biological parameters, including dissolved oxygen (DO), biochemical oxygen demand (BOD), chemical oxygen demand, suspended solids, pH, conductivity, salinity, temperature, nitrogen in the form of ammonia (NH3), turbidity, dissolved solids, total solids, nitrates, chloride and phosphates for scoring water quality status (Ouyang et al. 2006; Iscen et al. 2008; Pejman et al. 2009; Varol et al. 2012; Mustapha et al. 2012; Anitha & Kumar 2013).

Although a number of researchers have studied the physico-chemical characteristics of Malaysian estuaries and seas (Ong et al. 1991; Alkarkhi et al. 2009; Juahir et al. 2011), only a few studies have been conducted at the Merbok estuary to assess its water quality. The present study analyses the seasonal and temporal variations of the physico-chemical variables in the Merbok estuary to answer two central questions: (1) how does water quality vary with respect to seasonal changes and (2) what are the critical parameters that contribute to the seasonal variation of the estuary water quality?

MATERIALS AND METHODS

Study Area and Sampling Stations

The Merbok is a mangrove estuary, located in the northwest Peninsula of Malaysia. It lies between 5° 38′ 2.87″ and 5° 42′ 13.46″ N latitude and 100° 20′ 57.33″ and 100° 30′ 24.56″ E longitude. It is generally flat and slopes gradually towards the Merbok River with an average elevation of 0.915 m (3.0 feet) [Food and Agriculture Organization (FAO) 1979]. The length of the river is approximately 35 km with a width that ranges from approximately 20 m at the upper reaches to 2 km at the mouth of the estuary and a depth of 3 to 15 m. The tidal range varies from 0 to 2.9 m. During low tide, the water remains in the main channel; when the tidal surge rises, its banks overflow and flood the surrounding mangrove vegetation. However, freshwater discharges and flows into the mangrove estuary in wet tropical locations through a number of estuarine tributaries. The estuary is linked to the Muda River in the south through a channel, and the average discharge rate is approximately 100 m3 sec–1. The catchment area is approximately 550 km2 and consists of alluvial deposits overlying an extensive span of ferruginous shale and mudstone (Ong et al. 1991; Kaniz et al. 2012). Location and description of sampling stations are presented in Figure 1 and Table 1.
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Figure 1: Map showing the sampling stations of the Merbok Estuary (image adapted from Uncles et al. 1992).




Table 1: Location and description of sampling sites.



	Stream
	Sampling stations
	Symbol
	GPS locations
	Description



	Upstream
	Lalang River
	St. 1
	05° 41′ 56.63″ N 100° 30′ 16.94″ E
	Surrounded by mangrove forest, located near a fishing village and residential area. Receives pollutants from surrounding agricultural fields, livestock farms, fish ponds and wastewater discharges.



	Semeling River
	St. 2
	05° 41′ 13.66″ N 100° 28′ 32.19″ E



	Middle stream
	Jagung River
	St. 3
	05° 39′ 27.33″ N 100° 26′ 58.00″ E
	Surrounded by mangrove forest; receiving polluted water from branches of the Sungai Petani and the Sungai Pasir. In addition, aquaculture is the main activity in these areas.



	Teluk Wang River
	St. 4
	05° 38′ 2.87″ N 100° 25′ 57.67″ E



	Downstream
	Gelam River
	St. 5
	05° 38′ 37.68″ N 100° 25′ 4.01″ E
	Surrounded by mangrove forests and oil palm plantations, aquaculture activities and land development.



	Derhaka River
	St. 6
	05° 39′ 26.27″ N 100° 23′ 3.27″ E




Sample Collection and Analytical Methods

Surface and bottom water samples were collected monthly for one year from January to December, 2011 at six sampling stations in the Merbok estuary. Water samples were collected in acid-washed polythene bottles (1.5 litre), and all the samples were kept in the dark at a cool temperature (4°C) before transportation to the Plankton Laboratory, School of Biological Sciences, Universiti Sains Malaysia (USM). All the collected samples were kept in a refrigerator below 4°C to reduce metabolism of the organisms in the water. Rainfall data were obtained from the Meteorological Department of Kedah, Malaysia. Temperature, DO, salinity and electrical conductivity (EC) were measured in situ using HYDROLAB SRV3-DL (Surveyor 3 Data Logger, USA). pH was measured using a pH meter (Eco Testr TM, USA). BOD, Chla, ammonia, nitrite (NO2–), nitrate (NO3–), phosphate (PO43–) and total suspended solids (TSS) were measured following standard methods [Strickland & Parsons 1972; American Public Health Association (APHA) 2005]. According to the Malaysian Meteorological Department (MMD) annual report, rainfall above 200 mm constitutes the wet season and 0–200 mm constitutes the dry season (MMD 2009). This study used rainfall data from MMD (2011) and adopted seasonal classifications used by MMD for grouping the data into dry and wet seasons. The mean annual rainfall at Sungai Petani, Kedah was 2528.05 mm during the study period.

A nonparametric (Kruskal-Wallis H) test was performed to determine the differences in the water quality parameters among the sampling months and stations. Mann-Whitney U tests were performed to observe the effect of seasons on the water quality parameters (Ho 2006). Spearman rank-order correlations (Spearman R coefficient) were used to study the correlation structure between variables as datasets showed abnormal distribution of water quality parameters (Wunderlin et al. 2001). In this study, temporal variation of estuary water quality parameters was evaluated using a correlation matrix. Factor analysis was conducted to observe variables by a smaller number of factors, and the factors were extracted using the Varimax rotated principal component method (Coakes et al. 2006). All mathematical and statistical analyses were carried out using SPSS version 17.00 for MS Windows.

RESULTS AND DISCUSSION

Physico-chemical parameters (mean±SD, range) at different stations within the Merbok estuary are shown in Table 2. The mean water temperature varied from 27.46°C (St. 1) to 29.71°C (St. 3) with a maximum of 30.75°C (St. 3) and a minimum of 27.50°C (St. 3, 4 and 5) (Table 2). Temperature influences the chemical and biological reactions in water and is a critical physical factor; it controls the rate of photosynthesis in aquatic ecosystems. Temperature variation is usually influenced by rainfall. In the present study, the temperature increased slightly during the wet season but decreased in the dry season [Fig. 2(a)]. This difference may be due to the influx of warm water from tributaries and the resulting decrease in salinity and water transparency. In a tropical estuary, temperature is always inversely correlated with salinity and water transparency. Transparency decreased more during the wet season than during the dry season due to flooding from adjacent catchment areas (Simier et al. 2006). Mansor et al. (2012) also observed an increase in temperature during heavy rains and the reverse effect during the dry season.

Table 2: Physico-chemical parameters at different stations on the Merbok estuary from January to December 2011.
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Notes: Mean±SD in similar row with different superscript letters are significantly different (Kruskal-Wallis H test). Temp. = temperature; numbers in brackets represent variation of water quality parameters within 12 months period.
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Figure 2: Seasonal variations of physico-chemical (mean±SE) parameters of the Merbok estuary from January to December 2011: a) temperature; b) pH; c) conductivity; d) DO; e) salinity; f) NO3–; g) NO2–; h) NH3; i) TSS; j) BOD; k) Chla; l) PO43–.



Mean pH values varied from 6.89 (St. 1) to 7.37 (St. 6) with a maximum pH value of 8.3 (St. 6) in the dry season and a minimum pH value of 6.2 (St. 1) in the wet season [Table 2 and Fig 2(b)]. Streams and rivers transporting large quantities of humic materials containing colloidal suspensions are generally acidic in nature (Reid 1961). Anila Kumary et al. (2007) reported that pH values change from acidic to alkaline when colloidal particles mix with seawater and become coagulated. This mixing results in higher pH values downstream. Similar results were recorded in the present study where higher pH values were recorded at the stations located further downstream within the estuary.

The mean EC values ranged from 183.67 μS/cm (St. 1) to 301.19 μS/cm (St. 5) with a high of 380.00 μS/cm (St. 6) and a low of 70.00 μS/cm (St. 1) (Table 2). EC values showed temporal variation where higher values were recorded during the rainy season compared to the dry season [Fig 2(c)]. These variations may be the result of continuous flush-off effluent during the rainy season. Similar findings were also observed by Manikannan et al. (2011). Bellos and Sawidis (2005) stated that bodies of water rich in electrolytes have conductivity values between 250 and 1000 μS/cm and are therefore characterised as eutrophic. The mean conductivity recorded in this study was 269.25±55.78 μS/cm; this finding indicates that the estuary is rich in electrolytes and may be characterised as eutrophic.

Average DO concentrations varied from 3.24 (St. 3) to 5.46 (St.1) mg/l with a maximum value of 13.65 mg/l (St. 6) and a minimum value of 0.80 mg/l (St. 4) (Table 2). Mean DO concentrations were higher in the dry season compared to the wet season [Fig 2(d)]. The average DO value was 4.01±2.12 mg/l, which was higher compared to the standard value set for mangrove estuaries and class 2 river mouths located in Malaysia [Department of Environment (DOE) 2011] (Table 3). DO is considered the most important parameter for water quality analysis because it acts as a vital indicator of the physical, chemical and biological activities of the water. Higher DO concentrations recorded during the dry season may be due to the combined effects of higher wind energy and the mixing of heavier rainfall and freshwater. A previous study by Damotharan et al. (2010) observed similar results.

Table 3: Comparison of water quality results between Malaysian marine water quality criteria and standard values.
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The average salinity values ranged from 13.74 ppt (St. 1) to 24.66 ppt (St. 5) with a maximum value of 35.00 ppt (St. 3, 4 and 6) and a minimum value of 5.50 ppt (St. 1) (Table 2). The maximum salinity value was recorded during the dry season [Fig 2(e)], which may be due to the higher degree of evaporation in the study areas. Lower values recorded during the wet season resulted from heavy rainfall and a large inflow of freshwater. Manikannan et al. (2011) recorded a maximum salinity value during the summer and lower values during the wet (monsoon) season, which is a result of the heavy rainfall. These results correlate with our findings.

The mean values for nitrate ranged from 0.05 mg/l (St. 6) to 0.21 mg/l (St. 1) with a high of 0.41 mg/l (St. 1) and a low of 0.01 mg/l (St. 6); the mean values for nitrite from 0.10 mg/l (St. 6) to 0.19 mg/l (St. 1) with a high of 0.40 mg/l (St. 2) and a low of 0.01 mg/l (St. 4, 5 and 6) (Table 2). The highest nitrate concentrations were recorded during the dry season and the minimum during the wet season [Fig 2(f)], which is a result of weathering of rocks, fertiliser, domestic and municipal sewage, and freshwater inflow. A previous study by Selvam et al. (1994) reported that decomposition of organic matter caused an increase in nitrate values in mangrove waters with an average nitrate value of 0.11±0.06 mg/l. This value was higher compared to the standard value set for mangrove estuaries and river mouths (class 2 and class E) in Malaysia (DOE 2011) (Table 3). The present study findings correlate with the findings of Day et al. (1989), which state that nitrate levels can be 10 times higher at the head of the estuary (upstream) in comparison to the mouth (downstream). The maximum nitrite value was recorded during the wet season and the minimum during the dry season [Fig 2(g)]. Variations in phytoplankton excretion, oxidation of ammonia, and reduction of nitrate most likely contributed to this finding, in addition to the recycling of nitrogen and bacterial decomposition from planktonic detritus and denitrification. Prabu et al. (2008) observed a similar pattern of results. The mean nitrite value in the present study was 0.19±0.08 mg/l. This value was more than three-fold higher than the typical value observed for mangrove estuaries and river mouths (class 2 and class E) in Malaysia (DOE 2011) (Table 3).

Ammonia values were also measured and ranged from 0.10 mg/l (St. 5 and 6) to 1.18 mg/l (St. 1) with a high of 3.41 mg/l (St. 1) and a low of 0.01 mg/l (St. 4) (Table 2). The highest ammonia concentration was recorded during the dry season [Fig 2(h)], a result stemming from low precipitation. However, dilution of rainwater may be important in reducing the ammonium level in the estuary. A similar pattern of results was observed by Damotharan et al. (2010). Altogether, our study recorded a mean ammonium concentration of 0.33±0.21 mg/l. As with our other parameters, the ammonium concentrations gathered from this study were higher than the standard values set for mangrove estuaries and river mouths (class 2 and class E) in Malaysia (DOE 2011) (Table 3).

TSS levels ranged from 30.28 mg/l (St. 1) to 65.00 mg/l (St. 6) with a minimum of 20.00 mg/l (St. 1, 2, 3 and 5) and a maximum of 186.60 mg/l (St. 6) (Table 2). The mean recorded TSS level was 44.35±18.49 mg/l. This value was lower compared to the standard value set for mangrove estuaries and river mouths (class 2) in Malaysia (DOE 2011) (Table 3). Furthermore, TSS levels were higher during the dry season than the wet season [Fig 2(i)]. The TSS level increased at the middle of the estuary and further downstream due to wastewater disposal, an influx of run-off from the upper reaches, and the use of fish feed for caged fish rearing. These findings also correlate with a study conducted by Jonnalagadda and Mhere (2001).

Mean BOD values varied from 1.33 mg/l (St. 5) to 3.94 mg/l (St. 1) with the highest value reaching 12.38 mg/l (St. 1) and the lowest reaching 0.01 mg/l (St. 6) (Table 2). Higher BOD values were observed during the dry season compared to the wet season [Fig 2(j)]. BOD values are indicators of organic pollution in the water. A BOD5 value accounts for the decomposition of organic material over the span of 5 days, which is directly correlated with burdens of organic materials in streams (Grafny et al. 2000). The present study recorded high BOD values at St. 1, and this increase may be due to the influx of organic sewage from anthropogenic activities, wastewater discharges and/or agricultural activities.

The mean Chla content ranged from 0.45 μg/l (St. 5) to 1.78 μg/l (St. 6) with the highest level reaching 13.94 μg/l (St. 6) and the lowest reaching 0.01 μg/l (St. 3 and 5) (Table 2). The maximum was measured during the dry season and the minimum during the wet season [Fig 2(k)], and these values may be a direct result of longer daylight hours during the dry season. Dunn et al. (2007) and Prabhahar et al. (2011) also reported lower Chla concentrations during the monsoon season and higher levels during the summer.


Average phosphate values ranged from 0.06 mg/l (St. 6) to 0.08 (St. 1, 2 and 3) with a high of 0.16 mg/l (St. 1) (dry season) and a low of 0.02 mg/l (St. 1, 3, 4 and 6) (wet season) [Table 2 and Fig 2(l)]. A previous study by Ajithkumar et al. (2006) reported that fertilisers from agricultural fields are a source of phosphates that contribute to the increased phosphate levels. The present study showed that the mean phosphate concentration in the water samples was 0.073±0.02 mg/l, a value slightly lower than that set for mangrove estuaries and river mouths (class 2 and class E) in Malaysia (DOE 2011) (Table 3).

Kruskal-Wallis H tests showed that the water quality parameters were significantly different among the sampling months (p<0.05). Kruskal-Wallis H tests were performed to compare the water quality parameters among the different sampling stations and revealed that except for temperature and Chla, all other parameters were significantly different (p<0.05). Mann-Whitney U tests showed that among the 12 water quality parameters, 6 (temperature, pH, DO, TSS, NO2– and BOD) were significantly different between the 2 seasons (p<0.01), whereas the other 6 (salinity, EC, NO3–, PO43–, NH3 and Chla) were not significantly different with regard to seasons (p>0.05).

Table 4 provides the correlation matrix of the water quality parameters for both dry and wet seasons, respectively. In both the dry and wet seasons, temperature significantly correlates with the other parameters including pH, DO, salinity, EC, NO3–, NH3, PO43–, Chla and BOD (p<0.01). Altın et al. (2009) observed that water temperature had a very weak correlation with parameters such as DO, conductivity, NO3–, BOD, NH3, PO43– and TDS.

The correlation coefficients between pH and EC, NO3– and NH3 were 0.302, –0.374 and –0.315 during the wet season, respectively. However, during the dry season, correlation coefficients between pH and EC, TSS, NO2– and BOD were 0.364, 0.537, –0.391 and 0.371, respectively. DO is correlated with BOD and Chla during the wet season to a significant degree (p<0.01), whereas in the dry season, only DO is correlated with Chla (r=0.439) to a significant degree (p<0.01). Salinity correlated with EC, NO3–, NH3 and NO2–, respectively, with correlation coefficients of 0.819, –0.518 and –0.686 in the wet season and 0.814, –0.461, and –0.546 in the dry season. Ouyang et al. (2006) reported that pH showed a strong correlation with EC (0.83) and salinity (0.83) during the fall season. However, the correlation between these same parameters was very poor during the spring, summer and winter. The present study also found that EC values were negatively correlated with NO3–(r=–0.744), NO2 (r=–0.509) and NH3 (r=–0.734) during the wet season, but EC values strongly correlated with TSS (r=0.410), NO3– (r=0.521), NO2– (r=–0.613) and NH3 (r=–0.409) during the dry season. TSS values recorded during the dry season correlated with NO3– (r=–0.215), NO2– (r=–0.469), NH3 (r=–0.189), and BOD (r=0.295) to a significant degree (p<0.01). In contrast, wet season TSS values were positively (p<0.05) correlated with Chla (r=0.144). Muslim and Jones (2003) studied the seasonal variation of dissolved nutrients, Chla, and suspended sediments. This study found a link between Chla and TSS and Chla and PO43– with correlation coefficients of 0.49 and 0.47, respectively. These results are similar to our findings in which PO43–, BOD, and Chla correlated to a significant degree (p<0.01) during both the dry and wet seasons. Strong correlations between NO3– and NO2– (0.505) and NO3– and NH3 (0.789) occurred during the wet season. However, in the dry season, there was not a strong correlation between NO3– and NH3 (r=0.643), BOD (r=0.422) or NO2– (r=0.370). Muduli et al. (2011) found that BOD was positively correlated with ammonia levels but that salinity was negatively correlated with nutrient values. These findings are similar to those recorded in the present study.

Principle component analysis (PCA) methods were used to extract key factors. The component loadings are the linear combinations for each principal component, and they express the correlation between the original variables and the newly formed components. The component loadings are used to determine the relative importance of a variable compared to other variables in a principal component. Eigenvalues greater than 1 were used as a cut-off value to determine the number of factors. The first 4 principal components had eigenvalues greater than 1 and explained approximately 73.772% of the total variances in the original dataset for the wet season. For the dry season, the first 3 principal components had eigenvalues greater than 1 and explained approximately 67.457% of the total variances in the original dataset (Table 5). For the wet season, Factor 1 (F1) explained 32.062% of the total variance, showing a strong positive loading for conductivity and salinity but a strong negative loading for NH3 and NO3–. These differences may be due to tidal effects (Tables 5 and 6). Factor 2 (F2) explained 20.597% of the total variance and had a strong positive loading for BOD, DO and Chla, a reflection of the biological interactions among parameters. Factor 3 (F3) explained 12.01% of the total variance and had a moderate positive and negative loading for pH, temperature and PO43–, respectively. These results may be due to domestic wastewater discharges from the catchment area. Factor 4 (F4) explained 9.107% of the total variance and had a moderately positive loading for TSS, due to erosion effects, and a negative loading for NO2– (Tables 5 and 6). In the dry season, Factor 1 (F1) explained 30.375% of the total variance and had a moderately positive loading for EC, salinity, TSS, pH and BOD and a negative loading for NO2–. These results can be attributed to sea water intrusion into the river. Factor 2 (F2) explained 19.686% of the total variance and had a strong positive loading for NO3– and moderate loading for both NH3 and BOD. These parameters were determined to be non-point sources of pollution. Finally, Factor 3 (F3) explained 17.395% of the total variance and had a moderate positive loading for BOD, DO, temperature and Chla (Tables 5 and 6). As with Factor 2, these results may be due to biological interactions among parameters.

According to Pejman et al. (2009), water quality parameters, which showed a strong correlation coefficient value (>75%), were considered to be significant parameters for water quality monitoring. The significant water quality parameters that should be used to measure the seasonal variation in water quality of the Merbok estuary are listed in Table 7. NO3–, NO2–, NH3 and PO43– are the most significant parameters defining water quality for both seasons in the Merbok estuary. These nutrient concentration patterns are the result of both point and nonpoint sources of pollution as well as erosion effects. Point sources of pollution can be attributed to domestic wastewater discharged from upstream human settlements, whereas nonpoint sources of pollution feed into the estuary from agricultural and livestock farms (Madramootoo et al. 1997; Kaniz et al. 2012). BOD, salinity, conductivity, DO and Chla, all with strong factor loadings, were the most important parameters in determining water quality variations during the wet season. These variations likely stem from domestic wastewater discharges that contributed to the degradation of water quality. In contrast, TSS and pH, both with strong positive factor loadings, were additional contributors to the significant water quality variation during the dry season and are likely affected by the upward movement of seawater into the river.


Table 4: Correlation matrices of water quality parameters during wet and dry seasons.
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Notes: **Correlation is significant at the 0.01 level (2-tailed); *Correlation is significant at the 0.05 level (2-tailed); Temp. = temperature.


Table 5: Total variance explained before and after Varimax rotation for each season.
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Table 6: Principal Component (PC) matrixes (rotated) for wet and dry seasons.



	Wet season

	



	Variables

	PC1

	PC2

	PC3

	PC4




	EC

	0.906

	 
	 
	 



	NH3

	–0.899

	 
	 
	 



	NO3–

	–0.846

	 
	 
	 



	Salinity

	0.828

	 
	 
	 



	BOD

	 
	0.883

	 
	 



	DO

	 
	0.875

	 
	 



	Chla

	 
	0.824

	 
	 



	PO43–

	 
	 
	–0.746

	 



	pH

	 
	 
	0.737

	 



	Temperature

	 
	 
	0.528

	 



	NO2–

	 
	 
	 
	–0.769




	TSS

	 
	 
	 
	0.572




	Dry season

	



	Variables

	PC1

	PC2

	PC3

	 



	TSS

	0.761

	 
	 
	 



	NO2–

	–0.758

	 
	 
	 



	pH

	0.752

	 
	 
	 



	EC

	0.689

	 
	 
	 



	Salinity

	0.589

	 
	 
	 



	NO3–

	 
	0.846

	 
	 



	NH3

	 
	0.775

	 
	 



	BOD

	 
	0.675

	 
	 



	DO

	 
	 
	0.740

	 



	PO43–

	 
	 
	0.705

	 



	Chla

	 
	 
	0.702

	 



	Temperature

	 
	 
	0.675

	 




Note: Extraction method (Coakes et al. 2006; Ho 2006): Principal Component Analysis; Rotation method: Varimax with Kaiser Normalisation.

Table 7: Most important water quality parameters for each season.



	Seasons
	Positively influenced parameters
	Negatively influenced parameters



	Wet
	EC, salinity, BOD, DO, Chla
	NH3, NO3–, NO2–, PO43–



	Dry
	TSS, pH, NO3–, NH3
	NO2–




CONCLUSION

Physico-chemical parameters in the Merbok estuary showed seasonal fluctuations. DO, nitrate, nitrite, and ammonia concentrations exceeded marine water quality criteria and standard values set for class 2 and class E rivers, which is an indication of the poor water quality status in the Merbok estuary. Statistical analysis results showed evidence of spatial and temporal variations in observed water quality parameters and strong correlations between parameters. Factor analysis revealed that while one parameter might be crucial in determining the fluctuation of water quality for one season, this same parameter might be less crucial for another season. Both correlation and factor analysis confirmed that NO3–, NO2–, NH3, and PO43– serve as critical parameters of water quality throughout the year. BOD, salinity, conductivity, DO and Chla were the most important parameters for wet season monitoring. In contrast, TSS and pH were the most important water quality parameters for dry season monitoring. Therefore, it is essential that seasonal variations in the physico-chemical parameters may be considered when implementing environmental strategies in the estuary.
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Abstrak: Satu kajian untuk menentukan tahap kandungan logam berat [kadmium (Cd), nikel (Ni) dan plumbum (Pb)] dalam tisu ikan telah dijalankan di Sungai Kelantan. Pensampelan ikan dilakukan pada musim kering dan basah menggunakan pukat. Enam famili, 11 genus dan 13 spesies daripada 78 ekor ikan dapat ditangkap. Tisu ikan tersebut dianalisa menggunakan relau grafit Spektrofotometer Serapan Atom (AAS). Kepekatan Cd dalam Chitala chitala (0.076 mg/kg) didapati melebihi nilai had kritikal European Commission (EC), World Health Organization (WHO) dan Food and Agriculture Organization (FAO). Kepekatan Cd dalam Barbonymus gonionatus dan Tachysurus maculatus pula didapati telah menghampiri nilai had yang ditetapkan. Kesemua spesies ikan yang diperolehi didapati tidak mengandungi kepekatan Ni yang melebihi had yang ditetapkan oleh WHO (1985) iaitu 0.5–0.6 mg/kg. Osteochilus hasseltii (0.169 mg/kg) dan T. maculatus (0.156 mg/kg) mempunyai nilai kepekatan Pb yang tinggi berbanding spesies lain. Tahap kandungan logam berat didapati lebih tinggi pada musim basah berbanding musim kering (p<0.05). Ikan omnivor telah dikesan dengan kepekatan tinggi Cd dan Ni, manakala ikan karnivor mempunyai kepekatan Pb tertinggi. Kepekatan Cd dan Pb dalam tisu ikan berkorelasi secara positif dengan berat ikan (p<0.05). Oleh itu, kajian ini menunjukkan bahawa spesies ikan yang ditangkap di Sungai Kelantan tercemar dengan logam berat. Walau bagaimanapun, kepekatan logam berat dalam tisu ikan tidak melebihi garis panduan EC, FAO, Malaysian Food Act (MFA) dan WHO kecuali C. chitala, O. hasseltii and T. maculatus yang telah menghampiri atau mencecah nilai had kritikal.

Kata kunci: Sungai, Logam Berat, Tisu Ikan, Kelantan, AAS

Abstract: This study aimed to assess the concentrations of cadmium (Cd), nickel (Ni) and lead (Pb) in the tissues of fish collected from the lower reach of the Kelantan River, Malaysia. Fishes were collected using gill nets during the dry and wet seasons. A total of 78 individual fish were caught and comprised 6 families, 11 genera and 13 species. The dorsal muscle was analysed using a graphite furnace Atomic Absorption Spectrometer (AAS). The mean concentration of Cd in Chitala chitala (0.076 mg/kg) was above the critical limit values of the European Commission (EC), World Health Organization (WHO) and Food and Agriculture Organization (FAO). The mean concentrations of Cd in Barbonymus gonionatus and Tachysurus maculatus were already at the level of concern, whereas the other species were approaching the limits of permissible levels. No fish samples were found to have a Ni level higher than the permissible limit of 0.5–0.6 mg/kg set by the WHO (1985). Osteochilus hasseltii (0.169 mg/kg) and T. maculatus (0.156 mg/kg) showed high Pb concentrations. The concentrations of heavy metals were found to be elevated in the wet season (p<0.05). Omnivorous fish were detected with elevated concentrations of Cd and Ni, whereas carnivorous fish had the highest concentration of Pb. The concentrations of Cd and Pb in fish tissues were positively correlated with fish weight (p<0.05). This study determined that the fish species caught in the Kelantan River were contaminated with non-essential metals (Cd, Ni and Pb). Nevertheless, the heavy metal concentration in the fish tissues, with the exception of C. chitala, O. hasseltii and T. maculatus, did not exceed the EC, FAO, Malaysian Food Act (MFA) or WHO guidelines.

Keywords: River, Heavy Metals, Fish Tissues, Kelantan, AAS

INTRODUCTION

After decades of rapid urbanisation, population growth and industrialisation, developing countries are now home to many of the world’s most critical air, water and solid waste problems. Early studies have identified the rise in the pollution of particular heavy metals in freshwater systems around the world, particularly in rivers. The pollution has mainly been caused by industrial processes and industrial waste, typically from rubber and oil palm mills (Tariq et al. 1996). Despite the environmental controls that are being implemented by Malaysian governmental agencies, the contaminants from smaller, sometimes illegal industries are still extensive and represent the largest environmental problem (Tariq et al. 1996). In 2002, the Department of Environment (DOE) of Malaysia reported that industries such as metal finishing and electroplating, food and beverage, animal feed and textile did not achieve more than 65% compliance with the regulation for heavy metal contamination. Some of the industries were operating without an effluent treatment system (DOE 2009; Noor Syuhadah & Rohasliney 2011; Noor Syuhadah et al. 2014; personal observation).

Apart from that, the main source of heavy metal pollution also comes in the form of deforestation, domestic or animal farming sewage, sand mining and agriculture (DOE 2002). The DOE has reported that all analysed heavy metals in the water column in most rivers in Malaysia are within the Class IIB limits of the Malaysian Interim National Water Quality Standard (INWQS) in the order of lead (Pb) > zinc (Zn) > cadmium (Cd) > chromium (Cr) > arsenic (As) > mercury (Hg). Class IIB indicates that water can be used for recreational purposes with body contact. Although the Kelantan River system was classified as a Class I–III river based on the Malaysian INWQS (DOE 2009) [i.e., the water quality index (WQI) of the Kelantan River was 85 for 3 consecutive years from 2009 to 2011 with a river quality status of Class II], the DOE reported that the Kelantan River was categorised as a polluted river based on the Suspended Solid (SS) Index. The decrease in the SS Index was most likely due to the uncontrolled earthworks along the riverbank. In addition, Kadaruddin (2000) discovered Cd contamination in 53 rivers in Malaysia’s river system, iron (Fe) in 44 rivers, Pb in 36 rivers, Hg and copper (Cu) in 24 rivers, and Cr and Zn in 4 rivers. Meanwhile, a previous study by Ahmad et al. (2009) found that heavy metals, such as Pb, Zn, Cu and Cd, were present at low concentrations in sediments of the Kelantan River.

The heavy metal contamination of aquatic ecosystems above the natural background load has drawn the attention of many researchers. Heavy metals may accumulate in aquatic species, enter the food chain and cause serious harm to human health when the contamination content and exposure are significant (Goyer 1997; Papagiannis et al. 2004; Türkmen et al. 2005; Fernandes et al. 2007). Consequently, they have been listed by the US Environmental Agency (USEPA) based on their potential for human exposure and health risk (Birungi et al. 2007). The accumulation of heavy metals in fish is an important issue because many fish species are consumed as a source of protein by a large section of the population, especially those who live near rivers. The low saturated fat and sufficient omega fatty acids in fish are also important in supporting good human health. The levels of heavy metal accumulation in fish depend on the growth rate, metabolism, feeding pattern and ecological requirements of a given fish species (Yilmaz et al. 2005, 2010). Another factor is the differences in life history patterns among species (including trophic levels and geographical distribution of life stages), which influence their exposure to heavy metals (Allen-Gil & Martynov 1995).

Essential metals are important for the normal metabolism of fish, and non-essential metals may accumulate in their organs (Canli & Atli 2003). Essential metals include Fe, Cu, Zn and manganese (Mn), whereas non-essential metals are Hg, Pb, nickel (Ni) and Cd (Türkmen et al. 2005). Heath (1995) found that high concentrations of heavy metals affected the growth and development of fish during early life stages such as hatching, larval development and juvenile growth because they were more sensitive during these stages than during mature stages. Evidently, fish form the link for the transfer of toxic heavy metals from water to humans (Ashraf et al. 2010). The harmful effect of trace elements when consumed above the recommended limit can be toxic (acute, chronic or sub-chronic), and heavy metals can be neurotoxic, carcinogenic, mutagenic or teratogenic. The general symptoms of humans related to metal [e.g., Cd, Pb, As, Hg, Zn, Cu and aluminium (Al)] poisoning include vomiting, convulsions, paralysis, ataxia, hemoglobinuria, gastrointestinal disorder, diarrhoea, stomatitis, tremor, depression and pneumonia (McCluggage 1991).

This study aimed to assess the concentration of Cd, Ni and Pb in the tissues of the fish collected from the lower reach of the Kelantan River, Malaysia. The results were then compared to permissible limits from the Malaysia Food Act (MFA), European Commission (EC), US Food and Drug Administration (USFDA), Food and Agriculture Organization (FAO) and the World Health Organization (WHO) to detect whether the heavy metal contamination levels in fish of the Kelantan River exceed the safe consumption permissible limit.

MATERIALS AND METHODS

Site Description

The Kelantan River basin is located in the northeastern part of Peninsular Malaysia between 4° 40′ and 6° 12′ N and 101° 20′ and 102° 20′ E [Malaysian Meteorological Department (MMD) 2009]. The maximum length and breadth of the catchment are 150 km and 140 km, respectively. The river is approximately 248 km long and drains an area of 11,900 km2, occupying more than 85% of the State of Kelantan (Ahmad et al. 2009). It divides into the Galas and Lebir rivers near Kuala Krai, approximately 100 km from the river mouth. Kelantan River is a unique river in southeast Asia because it is the only river known to flow northwards. The main river from source to river mouth has four names: it originates from the Betis River (first 30 km from the source), then to the Nenggiri River, followed by the Galas River before meeting the Lebir River to form the Kelantan River. The Kelantan River regularly has bank overflows during the months of November to February during the northeast monsoon season. The Kelantan River receives an annual rainfall range from 0 to 1750 mm in the dry season (March to May) and wet season (mid-October until mid-January) (MMD 2009; Tan & Rohasliney 2013). The river flows past several important towns: Kuala Krai, Tanah Merah, Tendong, Pasir Mas, Tumpat and Kota Bharu, the state capital, which lies near the mouth of the river.

The Kelantan River has been used heavily by the local people for domestic use, transportation, agriculture, plantation irrigation, small scale fishing and sand mining. The Kelantan River’s water has been turbid since the early 1990s due to high levels of suspended solids and siltation. This has been caused by logging in the upstream areas (Lojing Highlands) (DOE 2009; Ambak & Mohd Zaidi 2010) and sand mining (Tan & Rohasliney 2013). During the sampling trip along the Kelantan River, heavy sand mining activities were observed. Pit excavation methods of sand mining were used along the river, which involves the extraction of sand and gravel from the riverbed by uncontrolled digging or diesel powered suction pumps. Ambak et al. (2010) reported that there were approximately 128 sand mining activities functioning along the Kelantan River from Kuala Krai to Tumpat. The detailed site description is shown in Table 1.

Table 1: Description of stream characteristics for each sampling station.



	Site
	Description



	Station 1
Temangan
	Main stream, large size stream approximately 300–600 m wide, fast flowing water; bottom substrate consists of gravel, sand, mud and silt; continuously turbid water.



	Station 2
Tanah Merah
	Main stream, large size stream approximately 300–500 m wide, fast flowing water; bottom substrate consists of gravel, sand, mud and silt; continuously turbid water; active sand mining activities.



	Station 3
Tendong
	Main stream, large size stream approximately 500–700 m wide; open water, fast flowing water; bottom substrate consists of gravel, sand, mud and silt; continuously turbid water; active sand mining activities.



	Station 4
Kota Bharu
	Main stream, large size stream approximately 300–500 m wide, with 4 m depth; fast flowing water; bottom substrate consists of gravel, sand, mud and silt; rock installed on the banks as a buffer; continuously turbid water; active sand mining activities; active development activities.




Sampling Design

Sampling was carried out during the dry season (July 2011) and wet season (February 2012). Four sampling stations were selected along the lower reaches of the Kelantan River: Station 1 (S1), Station 2 (S2), Station 3 (S3) and Station 4 (S4). S1 and S2 were chosen in between Temangan and Tanah Merah, whereas S3 and S4 were selected in between Tendong and Kota Bharu (Fig. 1). Five experimental gill nets (measuring 30 m length, 1.5 m depth with stretch mesh size of 3 and 4 inches) were set up and left for five consecutive days at each sampling station. Each net was inspected every day for five days from morning until afternoon. The net was set up along the river that covers the most river pools (areas immediately downstream from a dike or obstruction that formed a scour hole > 1.2 m deep). In total, 200 samples were collected (N = 5 fish nets × 5 days × 4 sampling stations × 2 seasons). All nets were set at least 500 m away from the operational sand mining site. All captured fish were labelled accordingly and placed in an ice chest before transport to the Environmental and Occupation Health Laboratory, School of Health Sciences, Universiti Sains Malaysia (USM). In the laboratory, fish samples were identified to species based on standard taxonomic keys (Mohsin & Ambak 1991; Kottelat et al. 1993). Fish were also individually measured [total length (mm), weight (g)] and enumerated (collectively by species).


[image: art]

Figure 1: Location of sampling stations (adapted from JUPEM 2002).




Fish Tissue Preparation

Muscle tissue of fish (dorsal muscle) was used in this study because it is the major target tissue for metal storage and is the most edible part of the fish. Fish tissues were cut and oven dried at 110°C to a constant weight (Tüzen 2003). A wet digestion method was used based on the Analytical Methods for Atomic Absorption Spectrometry. Prior to use, all glassware was previously soaked in diluted nitric acid for 24 h and then rinsed with distilled deionised water.

The 5 g dry weight sample was put into a 50 ml beaker with 5 ml of HNO3 and 5 ml of H2SO4. When the fish tissue stopped reacting with HNO3 and H2SO4, the beaker was then placed on a hot plate and heated at 60°C for 30 min. After allowing the beaker to cool, 10 ml of HNO3 was added and returned to the hot plate to be heated slowly to 120°C. The temperature was increased to 150°C, and the beaker was removed from the hot plate when the samples turned black. The sample was then allowed to cool before adding H2O2 until the sample was clear. The content of the beaker was transferred into a 50 ml volumetric flask and diluted to the mark with ultra-pure water. All the steps were performed in the fume hood. The above procedures in this section followed the guidelines from the Analytical Methods for Atomic Absorption Spectroscopy (Perkin Elmer 1996).

Analytical Measurement

Concentrations of heavy metals were then analysed using a graphite furnace Atomic Absorption Spectrometer (AAS, Analyst 800, Perkin Elmer, Massachusetts, USA) with high-purity argon. The results from the AAS were expressed as μg/g dry weight and converted to mg/kg in the results section. All reagents used were of analytical grade, and ultrapure water was used for the preparations of solutions. To acquire ultrapure water, water was purified using the LABCONCO water purification system from LABCONCO Instruments (Kansas City, USA) available in the analytical laboratory of the School of Health Sciences. To create pure and ultra-pure water for research laboratory applications, impurities that include particulates, colloids, ions, dissolved gases, dissolved organic solids, nucleases (RNase, DNase) and pyrogens need to be efficiently and effectively removed. Calibration standard solutions were made by stepwise dilution of the stock solution [Butanol dehyrogenase (BDH) spectrosol, Merck Ltd., England]. Fish samples were spiked with various concentrations of heavy metals for the recovery repeatability test and to verify the analytical methods. For each run, the spiked samples were analysed in triplicate. The effect of the sample matrix was studied by spiking an identified concentration of each heavy metal (Ni, Pb, Cd) into fish samples. Then, the spiked samples were digested. The content of heavy metals in the spiked samples was determined by using AAS. The percent recoveries were calculated by using the following formula: Recovery (%) = [(x–y)/z] × 100, where x is the average concentration of heavy metal after spiking, y is the average concentration of heavy metal before spiking, and z is the concentration of spiked heavy metal. Acceptable results with recovery percentages of 77.3%–85.3%, 82.0%–83.0% and 78.0%–83.3% were obtained for Cd, Ni and Pb, respectively.


Statistical Analysis

Heavy metal concentrations were compared between the dry and wet seasons and among sampling stations and feeding habits. Seasonal comparison was analysed using a Mann-Whitney U-test. A Pearson correlation test was used to check the relationships between heavy metal concentrations and fish weight. All analysis was determined at significance levels of p<0.05. When necessary, data were log10 (x+1) transformed to normalise the distributions. All statistical analyses were computed using Statistical Package for Social Sciences (SPSS) version 16.0.

RESULTS AND DISCUSSION

A total of 78 fish were caught, comprising 6 families, 11 genera and 13 species. The captured fish species are listed in Table 2. The Cyprinidae family included Barbonymus gonionotus, Barbonymus schwanenfeldii, Cyclocheilichthys apogon, Hampala macrolepidota, Puntioplites bulu and Osteochilus hasseltii. We identified Clarias gariepinus from the Clariidae family, Tachysurus maculatus from the Ariidae family, Hemibagrus wyckii and Hemibagrus nemurus from the Bagridae family, Chitala chitala and Notopterus notopterus from the Notopteridae family, and lastly Pangasius micronemus from the Pangasiidae family. Inland fisheries are of high socio-economic and socio-cultural importance and provide a myriad of benefits to society. Approximately 31,530 (34.8%) fishermen in East Malaysia, 8% of who are inland fishermen that live along the Kelantan River, make their living via traditional fishing (Rohasliney 2010). It is estimated that river fish landings in Kelantan only contribute to approximately 3.5% to 4.1% of the total river fish production. This contribution has been considered as the optimum level, and it is expected to be in the region of 87,000 kg per year, with occasional fluctuations depending on the situation (Rohasliney 2010). In some locations along the Kelantan River, fish may be reserved by the fishermen for their own consumption, sold fresh, or preserved for local consumers, especially in the area of Temangan, Tanah Merah and Pasir Mas. Full-time fishermen depend annually on the sufficiently large quantities of commercially valuable fish to survive and typically migrate between a number of different habitats or river sections according to the season. However, part-time fishermen only practice fishing activities mainly during downtime from alternative activities. Additionally, many local people fish to supplement the family diet during slack periods in their daily schedule or seasonal calendar. By contrast, recreational fishermen often fish for leisure entertainment. Sport and recreational fishing were observed in several locations along the river at Kota Bharu. From personal communication with several of the anglers, the captured fish are either brought home (for human and/or livestock consumption) or discarded into the river. This demonstrates that dependence of the local population on the need for protein from freshwater fish still exists in the state of Kelantan.


Table 2: Distribution of fish caught from all sampling stations (S1, S2, S3 and S4) during the dry (July 2011) and wet seasons (February 2012).



	Species name (n)
	Common name

	S1

	S2

	S3

	S4




	Barbonymus gonionotus (9)
	Lampam jawa

	+

	–

	+

	+




	Barbonymus schwanenfeldii (22)
	Lampam sungai

	+

	+

	+

	+




	Chitala chitala (1)
	Belida

	–

	–

	–

	+




	Clarias gariepinus (2)
	Keli

	–

	–

	–

	+




	Cyclocheilichthys apogon (3)
	Temperas

	+

	–

	–

	–




	Hampala macrolepidota (5)
	Sebarau

	+

	+

	–

	+




	Hemibagrus nemurus (3)
	Baung

	+

	+

	+

	–




	Hemibagrus wyckii (2)
	Baung

	+

	–

	–

	+




	Notopterus notopterus (6)
	Selat

	+

	+

	+

	+




	Osteochilus hasseltii (1)
	Terbul

	+

	–

	–

	–




	Pangasius micronemus (4)
	Patin

	+

	–

	–

	+




	Puntioplites bulu (13)
	Tengalan

	+

	+

	+

	+




	Tachysurus maculatus (7)
	Ikan duri

	–

	–

	+

	+





Note: + Present; – Not present; n = number of individual fish caught

In many developed countries, the limits of heavy metal concentration in fish have been set to safeguard public health. Malaysia, for example, has set maximum limits of contamination for Cd and Pb based on permissible limits recommended by the Malaysian Food Act (MFA 1983). In this study, however, the heavy metal permissible levels were also compared with others such as the WHO (1985), USFDA (1993), EC (2001) and FAO (2003) (Table 3). Apparently, there is no information about the maximum permissible Ni limits in fish tissues in the MFA, EC, FAO and USFDA standards. Although there is no precise description of Ni toxicity to fish reported in the literature, especially in the Kelantan River, it does not indicate that the presence of Ni in the water is not harmful to fish species. C. chitala had the highest mean concentration of Cd (0.076 mg/kg,) which was above the critical limit set by the EC (2001), WHO (1985) and FAO (2003). The study found that the mean concentration of Cd in B. gonionatus and T. maculatus had already reached the level of concern, whereas other species were approaching the acceptable limits (Table 3). Cadmium can be accumulated with metallothioneins; an uptake of 3.0–330.0 mg/day is deadly and 1.5–9.0 mg/day is lethal to humans (Bowen 1979). Cadmium affects the kidneys and causes symptoms of chronic toxicity, such as the impairment of kidney function, poor reproductive capacity, hypertension, tumours and hepatic dysfunction (Waalkes 2000). Generally, the mean concentration of Ni found in all fish species was below the permissible limit of 0.5–0.6 mg/kg set by the WHO (1985) (Table 3). However, the mean concentration of Ni obtained from B. schwanenfeldii, C. gariepinus, C. apogon and N. notopterus indicated that serious attention should be given accordingly because the mean concentration of Ni in these four species was approaching the limits of the permissible level. The highest mean concentration of Pb was detected in O. hasseltii and T. maculatus, with values of 0.169 mg/kg and 0.156 mg/kg, respectively. Meanwhile, the mean concentrations of Pb in C. apogon, H. nemurus and B. schwanenfeldii were slightly below the limits of the permissible level with 0.137, 0.103 and 0.100 mg/kg, respectively. Pb is a non-essential element and can be toxic to humans when ingested or inhaled in high doses (Salem et al. 2000). Trace metals such as Pb will interfere with essential nutrients of similar characteristics such as calcium (Ca) and Zn. Pb also causes renal failure and liver damage in humans (Salem et al. 2000). In fish, Pb causes decreases in survival, growth, development, behaviour and metabolism, in addition to an increase in the formation of mucus (Eisler 1988).

Table 3: Mean concentrations of heavy metals in fish species from the Kelantan River during the dry (July 2011) and wet seasons (February 2012) and the permissible limit in fish.



	Species
	Mean heavy metal concentration (mg/kg d.w.)




	Cd

	Ni

	Pb




	Barbonymus gonionatus
	0.050±0.035

	0.061±0.076

	0.072±0.115




	Barbonymus schwanenfeldii
	0.030±0.032

	0.100±0.156

	0.100±0.125




	Chitala chitala
	0.076

	0.262

	0.070




	Clarias gariepinus
	0.013±0.09

	0.056±0.079

	0.081±0.118




	Cyclocheilichthys apogon
	0.044±0.014

	0.084±0.084

	0.137±0.069




	Hampala macrolepidota
	0.023±0.019

	0.024±0.037

	0.042±0.055




	Hemibagrus nemurus
	0.023±0.019

	0.056±0.069

	0.103±0.074




	Hemibragus wyckii
	0.029±0.035

	0.090±0.112

	0.062±0.062




	Notopterus notopterus
	0.030±0.029

	0.183±0.265

	0.075±0.061




	Osteochilus hasseltii
	0.024

	0.053

	0.169




	Pangasius micronemus
	0.027±0.018

	0.048±0.033

	0.022±0.011




	Puntioplites bulu
	0.038±0.032

	0.079±0.107

	0.069±0.071




	Tachysurus maculatus
	0.053±0.054

	0.097±0.113

	0.156±0.157




	Permissible limit in fish



	EC (2001)
	0.05–0.10

	–

	0.20–0.40




	USFDA (1993)
	–

	–

	0.5




	WHO (1985)
	2.0

	0.5-0.6

	2.0




	FAO (2003)
	0.05

	–

	0.20




	MFA (1993)
	1

	–

	2




	National Water Quality Standard for Malaysia
	Mean heavy metal concentration (mg/l)




	Class I
	Natural levels or absent




	Class IIA/IIB
	0.01

	0.05

	0.05




	Class III
	0.01a(0.001)

	0.90a

	0.02a(0.010)




	Class IV
	0.01

	0.20

	5.00




	Class V
	
Levels above IV




	Water classes and uses to water class



	Water class
	Uses



	Class I
	
Conservation of natural environment Water supply I – Practically no treatment necessary

Fishery I – Very sensitive aquatic species




	Class IIA
	Water supply II – Conventional treatment required



	Class IIB
	
Fishery II – Sensitive aquatic species

Recreational use with body contact




	Class III
	
Water supply III – Extensive treatment required

Fishery III – Common, of economic value and tolerant species; livestock drinking




	Class IV
	Irrigation



	Class V
	None of the above




Note: aAt hardness 50 mg/l CaCO3

In this study, metal concentrations were found to be elevated during the wet season (Fig. 2). Fish samples collected during the wet season had significantly higher concentrations of Cd, Ni and Pb (p<0.05) compared to the dry season (Table 4). Exposure to higher concentrations of heavy metals in the water during the wet season was the result of increased surface runoff. Heavy rainfall leads to farm draining. Large amounts of pesticides containing metal compounds are brought to the surface via runoff from the farms to the river and highly contribute to agricultural pollution, especially chemical fertilisers containing Ni and Pb. However, several previous studies found that mean heavy metal concentrations in fish were higher in the dry season (Fufeyin 1998; Idodo-Umeh 2000; Oguzie 2003; Obasohan & Eguavoen 2008). This is because higher concentrations of metals in fish during the dry season were due to high temperatures, which increased the activity, ventilation, metabolic rate and feeding sessions (Nussey et al. 2000). The low heavy metal concentrations in the wet season were due to the dilution of metal levels associated with heavy rains (Obasohan & Eguavoen 2008).
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Figure 2: Mean concentration of heavy metals in fish tissue at all sampling stations (S1, S2, S3 and S4) from the dry (July 2011) and wet seasons (February 2012).

Note: n = 78 fish



Table 4: Comparison of heavy metal concentrations among fish collected in different seasons, feeding habits and sampling stations.



	Parameter
	Heavy metal concentration (mg/kg d.w.)




	Mean (Standard Deviation)




	Cd

	Ni

	Pb




	Season
	Dry
	0.023 (0.030)

	0.073 (0.152)

	0.073 (0.093)




	Wet
	0.049 (0.028)

	0.105 (0.092)

	0.105 (0.111)




	p value
	*<0.001

	*<0.001

	*0.039




	Feeding habit
	Herbivore
	0.030 (0.031)

	0.041 (0.042)

	0.043 (0.043)




	Omnivore
	0.038 (0.029)

	0.149 (0.190)

	0.103 (0.116)




	Carnivore
	0.039 (0.038)

	0.080 (0.093)

	0.137 (0.122)




	p value
	0.37

	0.277

	*0.002




	Sampling stations
	S1
	0.049 (0.035)

	0.066 (0.066)

	0.087 (0.069)




	S2
	0.015 (0.015)

	0.010 (0.025)

	0.068 (0.124)




	S3
	0.025 (0.023)

	0.112 (0.175)

	0.119 (0.119)




	S4
	0.028 (0.031)

	0.128 (0.167)

	0.070 (0.121)




	p value
	*0.002

	*0.017

	0.056





Note: *p<0.05

The mean concentration of Cd found in all fish species at sampling station S1 (0.049±0.035 mg/kg) was significantly higher (p<0.05) among the four sampling stations (Table 4). Sampling station S1 also had more agricultural activity along the riverbank, and thus, the use of fertiliser and fuel at this agricultural site most likely contributed to the increased level of Cd in fish that were caught at this location. S3 accumulated the highest mean concentration of Pb (0.119±0.119 mg/kg) in fish tissues, but the difference when compared to the other stations was not significant (p>0.05) (Fig. 3). Such trace levels of heavy metal concentration could be the result of oil spills from boats that are used for regular transportation. Furthermore, the use of fuel for sand mining activities also contributed to the release of heavy metals such as Pb and Ni, especially if the fuel was accidentally released into the river, as observed at S3. The mean concentration of Ni found at S4 (0.128±0.0167 mg/kg) was significantly higher (p<0.05) among the four sampling stations (Fig. 3). The lowest number of fish was caught at S2 due to heavy sand mining activities. This indicated a lack of uniformity in the fish distribution and the possible bio-availability of metals at the corresponding sampling station. Disturbed biological resources due to sand mining have seriously affected the distribution of benthic fish.
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Figure 3: Mean concentration of heavy metals in fish tissue at the four sampling stations along the Kelantan River (S1, S2, S3 and S4) from the dry (July 2011) and wet seasons (February 2012).

Note: n = 78 fish



Out of the 78 fish caught, 26% were carnivorous fish species that mainly feed on small fish, insects, shrimp and crustaceans. Herbivorous and omnivorous fish occupied 41% and 33%, respectively. The feeding habits of herbivorous, carnivorous and omnivorous fish were significantly different only for Pb (p<0.05) (Table 4). The Pb concentration was found to be significantly higher in the carnivorous fish species (p<0.05) (Fig. 4). Thus, this study suggested that predatory fish, which are at a higher trophic level, accumulate more heavy metals compared with non-predatory fish (Kidwell et al. 1995; Voigt 2004; Weber et al. 2013). This result would have been more significant if fish with different feeding behaviours were equally distributed among the study sites. Carnivorous fish, which mainly eat fingerlings, shrimp and zooplankton, are known to be active swimmers. These activities are known to accumulate high levels of heavy metals in the body (Karadede et al. 2004). Concentrations of Cd and Ni were observed in omnivorous fish, but the differences were not significant (Table 4). The diet of omnivorous fish includes aquatic insects, shrimps, small fish, crustacean, algae, plankton and detritus. The accumulation of Cd and Ni in omnivorous fish may have been due to diversity of food intake [Fig. 4(a) and 4(b)]. In addition, most omnivorous fish caught in this study were bottom dwellers; thus, they may also obtain contaminants bound to sediments. Three herbivorous fish were caught during this sampling period, namely B. gonionotus, B. schwanenfeldii and O. hasseltii. The accumulation of Cd, Ni, and Pb in herbivorous fish tissues was low compared to fish at other trophic levels. This trend may be related to their feeding behaviour and habitat. Herbivorous fish, which are primary consumers, eat aquatic macrophytes, submerged land plants and filamentous algae (Ambak et al. 2010). By being at a lower trophic level, herbivores do not have the variety of diet items found in carnivores and omnivores. Thus, biomagnification in herbivorous fish is not as large as for secondary consumers.
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Figure 4: Mean concentration of (a) Cd, (b) Ni and (c) Pb in fish tissue at all sampling stations from fish with different feeding habits for one hydrological cycle

Note: n = 78 fish



The weight of the fish was correlated with Cd (p<0.01) and Pb (p<0.01) (Table 5). Meanwhile, Ni showed a positive correlation with Cd (p<0.01) and Pb (p<0.05). The fish ranged in size from 18.7–67.4 cm in total length and 67–1800 g in weight (Table 6). Length and weight play an important role in the accumulation of heavy metals. Small fish are enriched with accumulated heavy metals from the aquatic microfauna and microflora that constitute their diet (Obasohan et al. 2006). Mohsin and Ambak (1991) found that maturity, which was measured by fish length, influenced the accumulation of heavy metals. In addition, Ahmad and Suhaimi-Othman (2010) found that mature fish accumulated higher metals compared to juvenile and premature fish. This is because fish with a constant growth rate that inhabit continuous polluted habitats stabilise the accumulation of heavy metals (Ahmad & Suhaimi-Othman 2010). In addition, the range of overall fish caught in this study showed considerably large variations in fish size, thus indicating that the gill net sampling was conducted efficiently. The selection of mesh size also contributed to the minimum and maximum length of the captured fish. Furthermore, fish weight was correlated with the levels of Cd and Pb.

Table 5: Correlation matrix for fish weight (g) and heavy metal concentration (mg/kg) in all sampling stations.



	Parameter
	 
	Weight

	Cd

	Ni

	Pb




	Weight
	Pearson Correlation
	1

	 
	 
	 



	 
	Sig. (2-tailed)
	 
	 
	 
	 



	Cd
	Pearson Correlation
	0.373**

	1

	 
	 



	 
	Sig. (2-tailed)
	0.001

	 
	 
	 



	Ni
	Pearson Correlation
	0.114

	0.372**

	1

	 



	 
	Sig. (2-tailed)
	0.319

	0.001

	 
	 



	Pb
	Pearson Correlation
	0.369**

	0.272*

	0.290*

	1




	 
	Sig. (2-tailed)
	0.001

	0.016

	0.010

	 




Notes: *Correlation is significant at the 0.05 level (2-tailed).

**Correlation is significant at the 0.01 level (2-tailed).

Table 6: List of fish caught from all sampling stations (S1, S2, S3 and S4) during the dry (July 2011) and wet seasons (February 2012).
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Note: aMaturity size: Sourced from Mohsin and Ambak (1983; 1991).

CONCLUSION

Overall, the total mean heavy metal concentration of all fish species in this study revealed an order of Pb>Ni>Cd. These results were concordant with the surrounding waters of the Kelantan River reported by the DOE (2002). Therefore, the results in this study demonstrated that fish species caught in the Kelantan River were contaminated with heavy metals. Nevertheless, the heavy metal concentration in the fish tissues, with the exception of C. chitala, O. hasseltii and T. maculatus, did not exceed the MFA, WHO, USFDA, EC or FAO guidelines. The regular monitoring of heavy metal concentrations in fish tissue is necessary. Although the concentrations of heavy metals in the fish and water column were detected in low concentrations, the potential for metal toxicity danger may become more severe in the future depending upon the extent of industrial and domestic wastewater influx into the Kelantan River due to human activities in the adjacent areas. To develop a healthy freshwater fishing industry and to prevent heavy metal risks to human health in the Kelantan River, the water standards and concentrations of heavy metals in the water column and fish should be monitored regularly.
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Abstrak: Unit pengeluar biji benih sawit yang menghasilkan biji benih cambah sawit merupakan penghubung pertama dalam rantaian bekalan minyak sawit, diikuti dengan tapak semaian untuk menghasilkan anak benih sawit, ladang untuk menghasilkan buah tandan segar (FFB), kilang untuk menghasilkan minyak sawit mentah (CPO) dan isirung kelapa sawit, mesin penghancur isirung untuk menghasilkan minyak isirung kelapa sawit mentah (CPKO), kilang minyak tertapis untuk menghasilkan minyak sawit tertapis (RPO) dan diikuti dengan kilang biodiesel untuk menghasilkan biodiesel berasaskan sawit. Penilaian ini bertujuan untuk mengenalpasti kitaran hayat (LCA) bagi penghasilan biji benih cambah sawit serta untuk menentukan peringkat pemprosesan bagi penghasilan biji benih cambah sawit yang boleh menyumbang kepada pencemaran alam sekitar. Kaedah bagi penilaian impak kitaran hayat (LCIA) bagi kajian ini telah dimodelkan menggunakan SimaPro versi 7, (System for Integrated environMental Assessment of PROducts), iaitu satu alat yang telah diperkenalkan pada peringkat antarabangsa untuk digunakan oleh para pengguna LCA. Perisian ini mengandungi pangkalan data Eropah dan Amerika Syarikat mengenai beberapa bahan di samping pelbagai kaedah penilaian impak yang telah dibangunkan oleh Eropah dan Amerika Syarikat. LCA telah berjaya dijalankan bagi lima unit pengeluar biji benih cambah sawit dan telah didapati bahawa impak terhadap persekitaran bagi penghasilan biji benih cambah sawit adalah tidak signifikan. Keputusan pencirian (characterised) LCIA bagi penghasilan 1000 biji benih cambah sawit menunjukkan bahawa bahan api fosil merupakan penyumbang kategori impak yang terbesar, diikuti dengan inorganik respiratori dan perubahan iklim.

Kata kunci: LCA, LCI, LCIA, Biji Benih Cambah Sawit, Impak Kepada Persekitaran

Abstract: The oil palm seed production unit that generates germinated oil palm seeds is the first link in the palm oil supply chain, followed by the nursery to produce seedling, the plantation to produce fresh fruit bunches (FFB), the mill to produce crude palm oil (CPO) and palm kernel, the kernel crushers to produce crude palm kernel oil (CPKO), the refinery to produce refined palm oil (RPO) and finally the palm biodiesel plant to produce palm biodiesel. This assessment aims to investigate the life cycle assessment (LCA) of germinated oil palm seeds and the use of LCA to identify the stage/s in the production of germinated oil palm seeds that could contribute to the environmental load. The method for the life cycle impact assessment (LCIA) is modelled using SimaPro version 7, (System for Integrated environMental Assessment of PROducts), an internationally established tool used by LCA practitioners. This software contains European and US databases on a number of materials in addition to a variety of European- and US-developed impact assessment methodologies. LCA was successfully conducted for five seed production units and it was found that the environmental impact for the production of germinated oil palm was not significant. The characterised results of the LCIA for the production of 1000 germinated oil palm seeds showed that fossil fuel was the major impact category followed by respiratory inorganics and climate change.

Keywords: LCA, LCI, LCIA, Germinated Oil Palm Seeds, Environmental Impact

INTRODUCTION

The palm oil industry plays an important role in the economic development of Malaysia and in enhancing the economic welfare of the people. The productivity of an oil palm plantation depends on many factors, including the critical starting point of the quality of the germinated oil palm seeds derived from cross pollination of selected parent palms used for planting. The production of high quality germinated oil palm seeds is also very dependent on good management practices at the seed production unit.

Fresh fruit bunches (FFB) from the plantation are first brought to the seed production unit where the bunch weight is recorded (Basiron et al. 2001). After weighing, the fruit bunch is chopped with an axe on a table to separate the stalk from the spikelets. The fruits are then retted in trays or sacks for approximately 3–5 days to allow them to detach. After retting, isolation and separation of normal/developed fruits from parthenocarpics are carried out.

The normal/developed fruits are depericarped to separate the mesocarp from the seeds, normally using an electrical motor-driven depericarper. Seeds that have been depericarped are soaked to ensure an optimum moisture content of approximately 18%–19%, and then washed with a suitable detergent to remove the mesocarp oil from their surface before they are treated with a fungicidal solution to avoid fungal infection. The seeds are air-dried and those with defects are discarded.

Heat treatment is essential for breaking the dormancy of oil palm seeds for germination. For germination to occur, an optimum moisture content, temperature and oxygen level are needed. The oil palms seeds are then packed in polyethylene bags and placed on the germination racks for 14–30 days at a temperature between 25°C and 35°C. During this time, the seeds are sprayed with distilled water to prevent them from drying. Following germination, only normal and undamaged seeds are counted and selected before they are finally packed and distributed to the customers.

Multiple Life Cycle Assessment (LCA) methods have been developed and published (Brentrup et al. 2001). These methods include Centre of Environmental Science (CML, University of Leiden, The Netherlands), Environmental Design of Industrial Products (EDIP) and Eco-indicator. A previous study reported that the Eco-indicator 95 is a suitable method for analysing the environmental impacts of agricultural systems. However, Eco-indicator 99, a successor for Eco-indicator 95, is currently being employed. Both methods use the damage-oriented approach (Goedkoop et al. 2008). For the LCA of sunflower oil production, Eco-Indicator 99 methodology was chosen and has been proven to be a powerful tool to compile the LCA results into a user-friendly form (Spinelli et al. 2012).


Recently, Malaysian Palm Oil Board (MPOB) studies completed the LCA of Malaysian palm oil, including palm biodiesel. (Halimah et al. 2010; Puah et al. 2010; Tan et al. 2010; Vijaya et al. 2010; Zulkifli et al. 2010). Researchers implemented a cradle-to-grave analysis starting from the production of oil palm seedlings to the production and use of biodiesel. The results from these studies showed that the main environmental impacts on the production of palm biodiesel were from upstream activities such as FFB production. and Determination of greenhouse gases (GHG) contributions by subsystems in the oil palm supply chain using the LCA approach and gate-to-gate case studies of an oil palm seedling were also published (Choo et al. 2011; Halimah et al. 2012). However, there was a gap in the data that needed to be filled in order to obtain a complete picture of the palm oil supply chain, i.e., regarding the LCA for the production of oil palm seeds. Therefore, with the completion of this study, data from this cradle-to-gate analysis can be linked to the previous LCA study, which started from LCA of oil palm seedlings to the production of palm biodiesel, for a complete supply chain.

The objective of this study is to identify and assess the environmental impact associated with the production of germinated oil palm seeds, and to evaluate and implement steps to improve the environmental performance in seed processing.

Goal and Scope

This LCA study will make available the life cycle inventory (LCI) for Malaysian oil palm seed production units, which includes cradle-to-gate analysis for the production of germinated oil palm seeds, starting from the transportation of the FFB from the mother palm to the seed production unit, the processing and management of the seeds at the seed production unit and the delivery of germinated seeds to the nursery. The LCI then can be calculated for the life cycle impact assessment (LCIA). Mitigation measures can be taken to reduce the environmental load based on the results of the LCIA.

METHODS

This LCA study was carried out according to established guidelines under ISO 14000, Environmental Management Standards in ISO 14040 and ISO 14044, using SimaPro software (LE Amersfoort, The Netherlands). The Eco-indicator 99 methodology (Goedkoop et al. 2008) was used to calculate the LCIA. This project inventoried the life cycle environmental impacts of germinated oil palm seeds by identifying the inputs and outputs into the system boundary outlined.

Functional unit – The average LCA study normally quantifies the impacts for either a unit of the product or mass of the product. In the production of germinated oil palm seeds, the unit used to express all inputs and outputs is related to the number of seeds germinated. Therefore, the functional unit selected was 1000 germinated oil palm seeds. In short, this study quantifies the inputs and outputs for the production of 1000 germinated seeds by the seed production unit.

System boundary – This study used a cradle-to-gate system boundary that included the transfer of the FFB from the mother palms to the seed production unit, the seed germination process, the management of germinated oil palm seeds and delivery to the nursery. Figure 1 shows the boundary of the LCA study. Inputs into the system boundary include materials and energy and outputs include emissions to air, water and soil.
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Figure 1: Boundary of the LCA study.



Assumption, limitations and exclusions – Capital equipment, building and machinery were excluded in this assessment.

Life cycle inventory analysis – The goal of this analysis was to examine all of the inputs and outputs in a product’s life cycle, beginning with the raw materials used, the source of those materials and the inputs and outputs related to those component materials during their lifetime.

Data collection – Data were obtained from the SIRIM database, through stakeholders’ input and also from on-site measurements. Additional sources of LCA data were collected from other MPOB LCA projects. Data on palm oil related processes was not available and therefore general data from the SimaPro database was used. SimaPro is among the list of LCA software that is widely used in LCA analysis.

Impact categories and impact assessment method – The impacts of the emissions and raw material depletion were assessed and classified as carcinogens, respiratory inorganics, respiratory organics, climate change, radiation, ozone layer, ecotoxicity, acidification/eutrophication, land use, minerals and fossil fuels.

Life cycle impact assessment (LCIA) – Life cycle interpretation was carried out using Eco-indicator 99 methodology. The results for the LCIA were interpreted using weighted and characterisation results.

Allocation of co-products – For the production of germinated oil palm seeds no allocation was required because the present system only produces one product i.e., germinated oil palm seeds.

Data Collection Procedure

There were 20 seed production units registered under MPOB license (MPOB 2009). However, only five seed production units were considered for this study, partly due to a lack of response to the questionnaires. These five seed production units were chosen from several zones in Malaysia, i.e., two oil palm seed production units from Sabah, and one each from Pahang, Selangor and Johor, which satisfied the LCA and ISO criteria used.

Inventory data were collected directly for germinated oil palm seeds through questionnaires that were developed specifically for data collection and sent to seed production units. Compliance with geographical coverage for data collection was adhered to by collecting data from different regions in Malaysia. For each data set, the period and method of data collection were documented. The data validation procedure was carried out by on-site visits and discussions via e-mail and telephone interviews to obtain evidence and to verify the reliability of the collected data.

RESULTS AND DISCUSSION

It is to be noted that some inflows and outflows were not included in this system boundary because of difficulty in quantification; these have been shown in Table 1.

Life Cycle Inventory (LCI)

LCI for the production of 1000 germinated oil palm seeds is shown in Table 2.

Based on Table 2, the energy, sourced from both the national grid and diesel, needed to produce 1000 germinated oil palm seeds was 6.24E-01 kWh (2.25 MJ) and 1.73E-01 L, respectively. The weight of polyethylene bags to produce 1000 germinated oil palm seeds was 1.88E-02 kg. During the production of germinated oil palm seeds, fungicides are used for seed treatment, while chemicals are applied as detergent and disinfectant. Two types of fungicides were used for the production of germinated oil palm seeds; benomyl and thiram, and the quantity used were 1.35E-02 kg and 1.12E-02 kg for the production of 1000 germinated oil palm seeds, respectively. For the application of chemicals, seed production units used 4.69E-03 kg sodium hypochlorite 15%, 1.08E-01 L ethanol, 1.67E-03 L phenol and 2.59E-03 L alcohol for the production of 1000 germinated oil palm seeds. From the LCI data, it was found that only one seed production unit used phenol as a detergent. One seed production unit used alcohol as a detergent during the processing of germinated oil palm seeds.


Table 1: System boundary definition criteria.



	Processing category
	Included

	Excluded




	Insignificant environmental impact

	Difficult to obtain representative data

	Not directly relevant to scope and goal of study




	Production, maintenance and replacement of capital equipment
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	Transportation of capital goods
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	Production of fungicides inputs, e.g., benomyl and thiram
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	Production of small polyethylene bags
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	Disposal of small polyethylene bags
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	Transportation of fungicides (benomyl and thiram)
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	Water supply
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	Production of chemicals, e.g., sodium hypochlorite, formalin, lissapol, dettol and spirit
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	Transportation of germinated seeds to nursery
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	Land occupation by seed production unit
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	Electricity generation
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	Production of corrugated boxes
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	Disposal of corrugated boxes
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	Transportation of FFB from mother palm to seed production unit
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	Production of corrugated boxes
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	Production of diesel for machinery
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	Partitioning of fungicides in different compartment (water, soil and air)
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	Emissions from the application of fungicides (benomyl and thiram)
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Table 2 also shows the transportation required for the production of germinated oil palm seeds. In the computation of the environmental burden for germinated oil palm seed production, all distances were considered as half of a round trip and the delivery van (<3.5 t) loads were considered full-load weights. Data on delivery van weights and distances were obtained through responses to the distributed questionnaires and also through dialogues with the stakeholders.


Table 2: LCI for the production of 1000 germinated oil palm seeds.



	Input
	Amount

	Range




	Electricity (kWh)
	6.24E-01 (2.25 MJ)

	3.81E-02–1.84




	Diesel (L)
	1.73E-01

	2.04E-02–2.91E-01




	Polyethylene (LDPE) (kg)
	1.88E-02

	6.99E-03–1.88E-01




	Tap water (L)
	7.44E-02

	9.76E-02–1.64E-01




	Fungicides
	
	



	Benomyl (kg)
	1.35E-02

	4.44E-05–2.49E-02




	Thiram (kg)
	1.12E-02

	4.62E-04–3.22E-01




	Chemicals
	
	



	Sodium hypochlorite 15% (kg)
	4.69E-03

	3.62E-04–2.16E-02




	Ethanol (L)
	1.08E-01

	7.40E-05–3.23E-01




	Phenol (L)
	1.67E-03

	1.67E-03




	Alcohol (L)
	2.59E-03

	2.59E-03




	Transportation (tkm)
	3.07E-06

	4.56E-07–1.44E-05




	Corrugated boxes (kg)
	1.70E-02

	–





Electrical energy (electricity) from the national grid and fossil fuel (diesel) were used as power sources to run the machinery at the seed production units. According to the inventory data, the amount of electricity and diesel needed to produce 1000 germinated oil palm seeds varied from 3.81E-02 kWh to 1.84 kWh and 2.04E-02 L to 2.91E-01 L, respectively. Variations in diesel and electricity consumption depended on the amount of energy used for the machinery at the seed production unit. Some seed production units used electricity, while others used diesel, to operate the machinery during the processing of germinated oil palm seeds. Some used both diesel and electricity to operate the machinery. Therefore, it was found that there was great variation in the range of the electricity and diesel consumption for 1000 germinated oil palm seeds. The amount of water used at the seed production unit for soaking and treatment with fungicides and chemicals ranged from 9.76E-02 L to 1.64E-01 L. For corrugated boxes, the amount used to produce 1000 germinated oil palm seeds was 1.70E-02 kg.

According to the inventory data, the amount of polyethylene bags needed to produce 1000 germinated oil palm seeds varied from 6.99E-03 kg to 1.88E-01 kg. This great variation could be due to a difference in practice among the seed production units, where some units recycle the polyethylene bags for two uses and other units adopt single usage.

Fungicides were used for the treatment of fungus for germinated oil palm seeds. The commonly used fungicides in the seed production units are benomyl (classified under benzimidazole) and thiram (classified under dithiocarbamates). As shown in Table 2, the amount of benomyl and thiram ranged from 4.44E-05–2.49E-02 and 4.62E-04–3.22E-01 kg, respectively. These fungicides used varied from one seed production unit to another because of some variations in the amount of fungicide used to process germinated oil palm seeds when exporting the seeds to Sabah, Sarawak and Indonesia. Spraying of fungicide onto germinated oil palm seeds before the distribution to these regions is required. Another reason for the variation in the amount of fungicides used could be due to different practices; some seed production units only use thiram for seed treatment, while others use both benomyl and thiram in their practice. Occasionally, thiram and benomyl were used alternately to avoid fungal resistance due to prolonged use of the same fungicide.

The amount of sodium hypochlorite (ranged from 3.62E-04–2.16E-02 L) and ethanol (ranged from 7.40E-05–3.23E-01 L) used in the production of germinated oil palm seeds differs among seed production units. This range is largely due to detergent use. Some seed production units use more than one type of detergent, e.g., sodium hypochlorite together with phenol and alcohol, while other seed production units use only one type of detergent.

Materials such as fungicides, chemicals, polyethylene bags and corrugated boxes are transported to the seed production unit for the production of germinated oil palm seeds. Transportation includes the delivery of the FFB from the mother palm to the seed production unit, and the transport of fungicides, chemicals, polyethylene bags and corrugated boxes from the port in Malaysia to the seed production unit. The total transport distance was found to be 3.07E-06 tkm.

Life Cycle Impact Assessment (LCIA)

Figures 2–3 show the weighted and characterised results of LCIA for the production of 1000 germinated oil palm seeds.

Figure 2 shows the weighted results for the production of oil palm germinated seeds. The significant impact categories were, in decreasing significance, fossil fuels, respiratory inorganics and climate change. The fossil fuel impact was mainly due to phenol used as detergent or disinfectant during the processing of seeds and polyethylene bags used for packing the seeds. In addition, the fossil fuel impact also occurred as a result of diesel, followed by electricity, which were used to operate the machinery during the processing of germinated oil palm seeds at the seed production unit. Benzimidazole compound also contributed to the fossil fuel impact due to its application as a seed treatment during the processing of germinated oil palm seeds.

Figure 3 shows the characterisation results for the production of germinated oil palm seeds. The main impact came from the usage of polyethylene bags and phenol, followed by chemicals, diesel and electricity, respectively. Polyethylene bags contributed to carcinogens, respiratory inorganics, respiratory organics, climate change, acidification/eutrophication, land use, minerals and fossil fuel. For the category of chemicals organic, the main impacts were on radiation and land use. The contributions from diesel were mainly on the respiratory organics, ozone layer and fossil fuels impact categories. Electricity mainly contributed to the impact category of carcinogens, respiratory inorganics, climate change, acidification/eutrophication and fossil fuel.
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Figure 2: Weighted results for the production of germinated oil palm seeds.
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Figure 3: Characterisation results for the production of germinated oil palm seeds.



CONCLUSION AND RECOMMENDATION

Because the environmental performance of the production of germinated oil palm seeds at the seed production unit is influenced mainly by fossil fuels, improvements should be carried out to mitigate or reduce fossil fuel consumption. To date, most of the petrol stations in Malaysia use 5% of palm biodiesel. Hence, to reduce the environmental impact, the use of palm biodiesel in the processing of germinated oil palm seeds is recommended.
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Abstrak: Kajian terhadap kebolehan deria bau dan visual kelawar megachiroptera, Cynopterus sphinx telah dijalankan dengan mendiskriminasi bau dan bentuk pisang, Musa sp. Eksperimen telah dijalankan di dalam kurungan dengan memberikan beberapa pilihan makanan iaitu pisang masak, pisang yang dikisar dan pisang tiruan. Kelakuan kelawar-kelawar itu diperhatikan secara visual dan peratusan aktiviti dan rehat, tempoh percubaan pertama mencari makanan, bilangan percubaan untuk makan dan juga purata tempoh percubaan yang berjaya telah direkodkan bagi setiap kelawar. Kelawar-kelawar tersebut mempamerkan peningkatan pada bilangan kunjungan ke atas pisang masak dan juga pisang yang dikisar. Walau bagaimanapun, pisang tiruan tidak mengakibatkan sebarang tindakbalas. Kajian ini mencadangkan isyarat bau adalah lebih penting daripada isyarat visual untuk penentuan lokasi buah bagi C. sphinx.

Kata kunci: Kelawar Pemakan Buah, Cynopterus sphinx, Deria Bau, Penglihatan, Dalam Kurungan

Abstract: We examined the olfactory and visual abilities of megachiropteran bats, Cynopterus sphinx, for discrimination of the odour and shape of the banana fruit, Musa sp. We conducted the experiments in captive conditions by offering a selection of ripe bananas, blended bananas and artificial bananas. The behaviour of the bats was observed visually, and the percentage of activity and rest, duration of the first foraging bout, number of feeding attempts and the average duration of successful attempts was recorded for each bat. The bats exhibited an increased number of visits to ripe bananas and blended banana fruits. However, the artificial fruit did not evoke any response. Our study suggests that odour cues are more important than visual cues for the location of fruits by C. sphinx.

Keywords: Fruit-eating Bat, Cynopterus sphinx, Olfaction, Vision, Captive Condition

INTRODUCTION

Bats mainly depend on three important cues in the search for food: vision, olfaction and echolocation. Insect-eating bats, also known as microchiroptera, mostly depend on echolocation cues when searching for food (Swift & Racey 2002). With the exception of Eonycteris spp. and Rousettus spp., olfaction and vision are more important for fruit bats or megachiropterans during foraging. The Greater short-nosed fruit bat, Cynopterus sphinx, can learn to differentiate between olfactory cues and certain non-olfactory factors (Acharya et al. 1998). They also have the ability to make use of visual cues when searching for food in light or even in total darkness (Raghuram et al. 2009). Occasional observations have been made on the sensory cues that are involved in the feeding habits of a few species of megachiropteran, either in natural or captive conditions (Elangovan et al. 2000, 2006; Korine & Kalko, 2005; Raghuram et al. 2009). Few studies have addressed the importance of olfactory cues in fruit-eating bats in captive conditions (Acharya et al. 1998; Luft et al. 2003; Elangovan et al. 2006). Meanwhile, in more detailed studies, the use of vision, olfaction and echolocation in fruit-eating bats in captive conditions have been compared (Kalko & Condon 1998; Korine & Kalko 2005). Under natural conditions, the peak number of feeding visits of fruit bats has been found to occur at different times during the night depending on the type of fruit used (Elangovan et al. 2000). However, under captive conditions, the foraging behaviour of fruit bats was found to be different compared to natural conditions. Their foraging behaviour is composed of three distinct stages: a search or orienting flight, followed by approach behaviour and the final acquisition of ripe fruits (Korine & Kalko 2005).

The Greater short-nosed fruit bat, C. sphinx (Vahl) is a common frugivorous species in Southeast Asia. It feeds on a variety of wild and cultivated fruits (Bates & Harrison 1997). C. sphinx feeds on nectar from the flowers of Musa paradisiaca and Bassia latifolia (Elangovan et al. 2000). In our study, we aimed to determine the feeding habits of C. sphinx under captive conditions. The objective of this study was to determine the roles of olfaction and vision in the feeding habits of C. sphinx and also the response of C. sphinx to different experimental conditions in which we manipulated the odour, shape and size of the banana fruit, Musa sp.

MATERIALS AND METHODS

Study Site and Methodology

The study was conducted on Pulau Pinang from October 2012 to March 2013. Depending on space, we set three to four mist nets at eight locations around Pulau Pinang. Mist nets were opened between 18:30 hr and 23:00 hr and checked every hour for captured bats. Five adult C. sphinx were trapped and their forearms, ears, body and tail (if present) were measured to the nearest millimetre (mm), and their weight in grams (g) was recorded. Physical data, sex and reproductive conditions were also noted, and species identification was based on Francis (2008).

The bats were immediately captured and maintained in captivity in a separate facility that measured 3.1 × 2.4 × 2.5 m in height at the School of Biological Sciences, Universiti Sains Malaysia (USM), Pulau Pinang (5°21′N, 100°18′E) for behavioural experiments. Bats were exposed to two separate enclosures; one was designated as the test enclosure, while the other was considered a captive enclosure, where bats were maintained when they were not used for experiments. Only one individual was used during each observation period, while the others were kept in another enclosure. The temperature of both enclosures was maintained at 30±3°C. The captive enclosure was illuminated using a 15-W Philips light bulb. The light was on during the light period (06:00–18:00 h), and the light was turned off during the dark period (18:00–06:00 h). The bats were left undisturbed with an abundant supply of food, including ripe bananas, papayas and guavas, for at least one week to familiarise the bat with captivity conditions. All fruits offered were known to be consumed by C. sphinx in the wild. Food and water were placed in the cage every day. The cage was cleaned at 08:00 hr every morning, and all bats were released at the capture site after the experiment was completed. All techniques and regulations involving bats used in this research were in accordance with the general guidelines for maintenance of wild-caught mammals in captivity by Gannon and Sikes (2007), which are also advocated by USM policy.

Experimental Set Up

The experiment was performed with individual bats in a test enclosure with similar dimensions to the captive enclosure in which all bats were maintained. During the experiment, only one individual bat was brought into the test enclosure 30 min before the experiment began, and the other bats were maintained in a separate enclosure. The first set of experiments was conducted to investigate whether bats respond to olfactory cues when finding and locating food. The role of olfaction was tested by providing only the odour to the bat without any other cues. Ripe bananas were blended and offered by using cotton saturated with ripe banana juice. We learned to distinguish ripe and unripe bananas by estimating their hardness and colour (Luft et al. 2003). The cotton was placed in the test enclosure, and the response was evaluated. If bats responded to odour alone, they would approach the blended fruit.

The second experiment was conducted to test whether bats would detect and attempt to approach an object shaped like a banana fruit without any olfactory cues. The artificial banana fruit made of wax was hung in the test enclosure, and the response was evaluated. If bats responded to visual cues alone, they would approach the artificial banana fruit.

In the third experimental set up, the whole ripe banana was offered to the bats as a control. A ripe banana was hung in the test enclosure, and the response was evaluated. If bats responded to both olfactory and visual cues, they would approach ripe banana.

The individual bats were observed for six hr (from 18:00 hr until 00:00 hr) in each experiment after presenting the variables. The activities of the bats were observed under dim red illumination to minimise visual cues. The experimental setup was randomly changed between each set of experiments during each night, and the location of the variable used in the test enclosure was randomly changed to minimise possible learning effects. We recorded the following data during the observations: (a) percentage of activity and rest, (b) duration of the first foraging bout, (c) number of feeding attempts and (d) average duration of each successful attempt during each hour from 18:00 hr until 00:00 hr.


Statistical Analysis

All data were tested for normality using SPSS 20.0 Software. One-way ANOVA was used followed by Tukey’s post hoc multiple comparison tests for normally distributed data. Data that was not normally distributed was analysed with the non-parametric Kruskal-Wallis test followed by Mann-Whitney U tests to compare the data among the three experimental variables (Zar 1999).

RESULTS

We observed several distinct behaviours of bats in the test enclosure: orientation flights, resting periods, exploration flights (approach phase) and also final approaches. When released in the test enclosure where the experiment was conducted, the bats typically flew for several minutes (2–15 min) along the walls of the test enclosure without aiming at a specific target. This behaviour was termed the orientation flight. The orientation flight was followed by a resting period where the bats hung from the roof of the test enclosure. While hanging, the bats scanned their surroundings for up to 5 min by continuously moving their head and ears for several minutes.

After a series of orientation flights and resting periods, C. sphinx began exploration flights oriented towards the experimental variable. Typically, a bat would circle several times around the variable and direct its approach closer and closer to the variable. This phase was termed the approach phase. The exploration flights, where bats approached the fruit multiple times, ended in a final approach when the bat hovered near the fruit and finally landed on it. They usually licked the fruit, swallowed it, ingested the juice and spat out the remnants. On a few occasions, they also bit off pieces of fruit and continued consuming the fruit at their roosts in the experimental room. This usually occurred when the whole ripe banana was offered to them. However, when cotton saturated with ripe banana juice was presented, the same behaviour was detected, and they usually sucked the cotton for several minutes (1–29 min). However, the artificial banana fruit did not evoke any response.

None of the data was normally distributed. We attempted to transform the data using a log transformation but failed to achieve normality, except for data regarding the average duration of successful attempts. The percentage activity of C. sphinx was highest when blended fruit was offered (Table 1). However, the percentage activity of bats when fresh fruit (control), blended fruit and artificial fruit (Kruskal-Wallis test, X2 = 3.863, df = 2, p>0.05) was offered was not significantly different. There was also no significant difference in the number of attempts (F2, 27 = 1.603, p>0.05) between the variables, but there was a significant difference for the average duration of successful attempts (Kruskal-Wallis test, X2 = 10.148, df = 2, p<0.05) between the variables. The average duration of successful attempts for the artificial fruit differed significantly when compared to fresh fruit (Mann-Whitney U test, Z = –2.796, p<0.05) and blended fruit (Mann-Whitney U test, Z = –3.104, p<0.05). There was no significant difference in the average duration of successful attempts between fresh fruit and blended fruit (Mann-Whitney U test, Z = –0.348, p>0.05).


Table 1: Behavioural responses of C. sphinx to fresh fruit, blended fruit and artificial fruit in captive conditions.



	Experiments
	Activity (%)

	Rest (%)

	No. of attempts

	Duration of the first attempt (min)

	*Average duration of successful attempts (min)




	Fresh fruit (control)
	9.08

	90.92

	7.79±1.05

	10.25±5.36

	3.97±7.17




	Blended fruit
	9.44

	90.56

	7.09±2.66

	7.78±10.75

	4.43±7.24




	Artificial fruit
	2.92

	97.08

	7.79±0.97

	7.25±8.30

	0.00





Notes: Data are shown as mean±SD (n=5); *p<0.05.

DISCUSSION

Our results indicate that C. sphinx is able to detect and locate fruits by using olfactory cues. This is shown by the high percentage of activity observed in bats when the blended and ripe bananas were offered. We acknowledge that our experimental area was enclosed, thus it remains unclear whether fruit odours can also be attractive from longer distances. Elangovan et al. (2006) stated that Cynopterus spp. was able to discriminate different odours of substances in a complex olfactory environment. The main olfactory bulb, which is important for localisation of food in Pteropodidae, is large in size and facilitates navigation in large and more complex habitats such as forests (Safi & Dechmann 2005).

Reliance on odour as a primary cue for detecting fruits has also been reported for other pteropodid bats such as Pteropus pumilus, Pteropus jagori (Luft et al. 2003) and Cynopterus brachyotis (Hodgkison et al. 2007). The current knowledge of fruit bats, which normally rely on a variety of plants from different families, suggests a highly flexible use of olfactory cues while foraging. This suggests that the response of fruit bats may vary mainly based on the olfactory stimuli of species of fruits and flowers. C. perspicillata for example, depends on olfactory cues to detect the essential oils of the Piper species (Mikich et al. 2003).

However, it remains unclear which active component produces the odours that can attract fruit bats. Although only non-natural odours were tested, fruit bats can still adapt their feeding behaviour to new odours in a short time (Acharya et al. 1998). Hodgkison et al. (2007) tested a total of 16 main compounds in the ripe fruit odour of Ficus hispida and 13 compounds in the ripe fruit odour of Ficus scortechinii. They found that C. brachyotis responded to both natural and synthetic fruit odours, with higher reaction rates towards natural compared to synthetic fruit odours. The relatively larger number of responses of C. sphinx to ethyl acetate followed by isoamyl acetate, benzaldehyde, limonene and pinene indicate that these chemicals may be the predominant components in the fruit species that are usually visited by bats (Elangovan et al. 2006). However, C. sphinx exhibited the least number of responses to dimethyl disulfide (von Helversen et al. 2000). This result suggests that the response of bats may vary based on the olfactory stimuli of the species of fruits and flowers.


CONCLUSION

Our study showed that C. sphinx mainly uses olfactory compared to visual cues to locate fruits. Further studies need to be conducted to determine the ability of this species to detect and localise the odour cues of other fruit types.
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Abstrak: Kepelbagaian hemipteran (Insekta) di bahagian atas lembangan Sungai Kerian adalah rendah dengan hanya 8 famili dan 16 genus direkod dari 4 kawasan penelitian pada 3 sungai. Komposisi mereka berbeza secara signifikan antara kawasan penelitian (Kruskal-Wallis X2 = 0.00, p<0.05) tetapi tidak dipengaruhi oleh musim hujan dan kering (Z = 0.00, p>0.05). Semua parameter air yang direkod berkait lemah dengan kelimpahan genus tetapi permintaan oksigen biokimia (BOD), permintaan oksigen kimia (COD), indeks kualiti air (WQI) dan logam berat (zink dan mangan) menunjukkan hubungan negatif atau positif yang hampir kuat terhadap kepelbagaian dan kekayaan hemipteran (H’ and R2). Rangkuman julat parameter air yang diukur, WQI adalah berkait secara negatif dengan kepelbagaian dan kelimpahan hemipteran yang menunjukkan toleransi mereka terhadap tahap pencemaran yang terdapat di lembangan sungai ini. Berdasarkan kepada kelimpahan dan kekerapannya yang tinggi (ISI) Rhagovelia adalah genus yang paling penting dan bersama dengan Rheumatogonus dan Paraplea, mereka sangat banyak ditemui di kawasan penelitian. Sebagai kesimpulan, keterdapatan dan kesesuaian habitat serta beberapa parameter persekitaran mempengaruhi kepelbagaian dan kelimpahan hemipteran di lembangan sungai ini.

Kata kunci: Hemiptera Akuatik, Kepelbagaian, Kekayaan, Parameter Air, Kesesuaian Habitat, Habitat Sungai

Abstract: The hemipteran (Insecta) diversity in the upper part of the Kerian River Basin was low with only 8 families and 16 genera recorded at 4 study sites from 3 rivers. Water bug composition varied among sampling sites (Kruskal-Wallis X2 = 0.00, p<0.05) but was not affected by wet-dry seasons (Z = 0.00, p>0.05). All recorded water parameters were weakly associated with generic abundance but the biochemical oxygen demand (BOD), chemical oxygen demand (COD), Water Quality Index (WQI) and heavy metals (zinc and manganese) showed relatively strong positive or negative relations with hemipteran diversity and richness (H’ and R2). Within the ranges of measured water parameters, the WQI was negatively associated with hemipteran diversity and richness, implying the tolerance of the water bugs to the level of pollution encountered in the river basin. Based on its highest abundance and occurrence (ISI), Rhagovelia was the most important genus and along with Rheumatogonus and Paraplea, these genera were common at all study sites. In conclusion, habitat availability and suitability together with some environmental parameters influenced the abundance and composition of hemipterans in this river basin.

Keywords: Aquatic Hemiptera, Diversity, Richness, Water Parameters, Habitat Suitability, Riverine Habitat


INTRODUCTION

Investigations of aquatic macroinvertebrates in Malaysia began as early as 1966 when Furtado studied Malayan Odonata and slightly later when Bishop (1973) extensively examined the riverine invertebrate fauna of the Gombak River in Selangor state. In the 1990s, several documented observations of aquatic insect assemblages were published by many researchers who focused on inventory types of investigations (Shabdin et al. 2002; Yap et al. 2003; Morse et al. 2007; Wahizatul et al. 2011; Aweng et al. 2012) about specific groups of aquatic insects within some habitats or water quality ranges, for dragonflies and chironomids in rice fields or rivers (Yap et al. 2003; Che Salmah et al. 2004, 2005; Che Salmah & Wahizatul 2004; Che Salmah et al. 2006; Al-Shami et al. 2010), stoneflies (Plecoptera) in a river system (Wan Nurasiah et al. 2009) and Ephemeroptera, Plecoptera and Trichoptera (EPT) in forest streams (Che Salmah et al. 2001, 2007; Suhaila & Che Salmah 2011a, b; Suhaila et al. 2011, 2013). More recent investigations have addressed the effects of various water parameters and habitat qualities that have shaped the pattern of macroinvertebrate distribution in specific habitats at a local scale (Che Salmah et al. 2014) and a landscape scale (Che Salmah et al. 2013) to justify their roles and potential in the biological biomonitoring of water quality or as indicator species. Several researchers who were involved in assessing various land use effects, particularly oil palm plantations (Mercer et al. 2014), forest logging and fragmentation (Aweng et al. 2011; Che Salmah et al. 2013), industrial (Al-Shami et al. 2011a) and anthropogenic activities (Azrina et al. 2006; Al-Shami et al. 2011b) on aquatic macroinvertebrates, have made important contributions to the understanding of their function in the aquatic ecosystem.

Among the aquatic insect groups, hemipterans (water bugs) receive little attention from researchers primarily because of their infrequent occurrence in many aquatic habitats. Nevertheless, many hemipterans are tolerant and able to survive in a wide range of aquatic environments (Foltz & Dodson 2009). Semiaquatic gerromorphan hemipterans move actively on the water surface and are less affected by disturbances or polluted habitats. Because of their habits, the calculations for some biological indices for assessing anthropogenically polluted water bodies such as the Family Biotic Index (FBI) (Hilsenhoff 1988) do exclude water bugs. Two other indices, namely the Biological Monitoring Working Party (BMWP) and Average Score Per Taxon (ASPT), include the presence of hemipterans in their estimations (Armitage et al. 1983) because these insects are common in moderately polluted aquatic habitats.

Although many aquatic hemipterans are less effective bioindicators, they play important roles in the aquatic food-chain (Ahmed & Gadalla 2005; Ohba & Nakasuji 2006). Large-sized Belostomatidae, Nepidae and Notonectidae are often placed at the top of the aquatic food web (Bay 1974; Spence & Andersen 1994; Toledo 2003; Ohba 2011). They prey on a variety of aquatic organisms (Motta & Uieda 2004) such as other insects, cladocerans, amphipods, fish, tadpoles (Spence & Andersen 1994; Tobler et al. 2007) and adult frogs (Hirai & Hidaka 2002; Batista et al. 2013). Larger aquatic bugs are a concern to fisheries sometimes (Spence & Andersen 1994; Tobler et al. 2007). In relation to their effective predation, Spence and Andersen (1994) associate hemipteran diets with the distribution of available prey within the habitat. Smith and Horton (1998) found that, despite being a good predator, Belostomatidae also contributed to the higher trophic level when they became an important dietary component for brown trout (Salmo truta) in Little Colorado River, Arizona.

In paddy fields, gerromorphans (veliids and gerrids) become important natural enemies by feeding upon several plant and leaf hopper pests and moths that fall from rice plants (Spence & Andersen 1994). These insects are effective predators of freshwater vector snails and mosquitoes in India (Aditya et al. 2004). At least 12 hemipteran genera (17 species) including Sphaeroderma, Anisops and Laccotrephes feed on various species of mosquito larvae (Saalan & Canyon 2009) and other dipteran vectors of some diseases, and hence they are useful as biological control agents (Yang et al. 2004).

The Kerian River Basin (5°9′–5°21′N and 100°36.5′–100°46.8′E) is one of the largest river basins in peninsular Malaysia with a catchment area of 1418 km2 that provides the water required for a population of approximately 196,500 (Yap & Ong 1990). The primary Kerian River stretches approximately 90 km along the border of Kedah and Perak states and is accompanied by several tributaries. With a good road network, this river basin has become the focus of many ecological investigations such as fish population and biology (Zakaria et al. 1999; Mansor et al. 2010; Mohd-Shafiq et al. 2012), fish genetics (Jamsari et al. 2011), hydrology, water quality and macroinvertebrates (Yap & Ong 1990; Haque et al. 2010; Al-Shami et al. 2013) and avian diversity (Nur Munira et al. 2011). In this study, we examined the water quality and habitat suitability of a hemipteran community in the Kerian River and its tributaries to elucidate their adaptation to these environments. These findings would provide greater insight into the ecological requirements that led to their successful colonisation.

MATERIALS AND METHODS

Sampling Sites

Four Kerian River tributaries were selected as sampling sites (Fig. 1): the Mahang River (MR) (5°20′43.70″N and 100°46′17.70″E), the Kerian River (KR) (5°18′47.50″N and 100° 46′53.61″E), and the Selama River (SR), which were divided into the Upper Selama (US) (5°15′33.33″N and 100°50′37.18″E) and Lower Selama (LS) (5°15′34.60″N and 100°50′42.10″E). These first to second order rivers of different substrate types and compositions are subject to various anthropogenic disturbances, and their water surfaces are shaded by a varying amount of canopy cover. In the US, the river substrate consists primarily of boulders and cobbles and the water surface is partially shaded. Several shrubs (Bambusa sp.) and woody tree species (Koompassia malaccensis, Chassalia chartacea and Nenga pumila) grow on the river banks. It is a popular upstream recreational area for the locals although part of the nearby area has been planted with oil palm and pineapples. The LS passes through a sparsely populated village. At the sampling site, the river is rather wide with a relatively flattened river bed made of course sandy substrate and with an open canopy. All sampling points are located in a running area of fast flowing water. The MR is characterised by sandy substrate with gravel. Scattered vegetation along the river banks covers part of the water surface. Active sand mining and other human activities in the nearby area affect the river’s condition. The KR is a large river of fast-flowing open water. Its substrates are primarily cobble and gravel, and some vegetation grows along the river banks. This river passes through the margin of a secondary forest and presumably receives minimal perturbations compared with other rivers.


[image: art]

Figure 1: A map of the study areas; the MR, KR, US and LS in the Kerian River Basin.

Note: Black dots are study sites



Monthly weather data for all sampling sites from January 2008 until December 2009 were obtained from the Malaysian Meteorological Department in Kuala Lumpur. The data were recorded at meteorological stations located approximately 50 km from the respective sampling areas.

Sampling Aquatic Hemiptera

Bimonthly aquatic hemipteran collections were taken at all sampling sites from July 2008 until July 2009 following the methods of Hellawell (1986) and Meritt and Cummins (1996). Ten samples were collected within approximately 100 m of river from available substrates, marginal vegetation, leaf pack in running water and pool areas from each sampling site by using a kick-net method (D-pond aquatic net, 30 cm width, 300 μm mesh size fitted with a 1.2 m-long handle). The net was dragged on approximately 1 m2 of substrate or marginal vegetation, or approximately 1 m2 of the substrates in front of the net was disturbed for approximately 2 minutes. In the laboratory, each sample was washed through a 300 μm sieve, and leaves, stems and other debris were removed. The aquatic bugs were sorted and preserved in 75% ethanol. Individual hemipterans were identified to the lowest possible taxa following keys by Yang et al. (2004) and Morse et al. (1994).

River Attributes and Measurements of Physicochemical Water Parameters

On every sampling occasion, the amount of canopy covering the water surface, the components of the substrate, and the activities on adjacent land were recorded. The water parameters, pH, dissolved oxygen (DO) and temperature (T) were measured in-situ at each sampling site. The pH value was obtained by using a sensION1 pH meter (HACH, Colorado, USA) and the DO and T were measured with a DO meter (YSI 550A, YSI Environment, Ohio, USA). Three replicates of each water sample were collected randomly from each site in 500 ml polyethylene bottles and transported to the Laboratory of Aquatic Entomology, School of Biological Sciences, Universiti Sains Malaysia (USM) in an ice chest. The biochemical oxygen demand (BOD) content was recorded with a DO meter (YSI 550A) and other chemical water parameters, nitrate (NO3-N), ammonia-nitrogen (NH3-N), total suspended solids (TSS) and chemical oxygen demand (COD) were analysed with a DR/890 colorimeter (HACH, Colorado, USA). The water quality status of each river was determined according to the Water Quality Index (WQI) classification of the Department of Environment (DOE), Malaysia (DOE, 1988) (Table 1). A subindex (SI) calculation for all parameters was used to generate the WQI as displayed in Appendix 1. The WQI is calculated as follows:

WQI = (0.22 × SIDO) + (0.19 × SIBOD) + (0.16 × SITSS) + (0.16 × SICOD) + (0.15 × SINH3N) + (0.12 × SIpH).

Table 1: River classification according to the WQI (DOE 1988).



	River class
	Score

	Description



	I

	>92.7

	Very good water quality. Suitable for livestock drinking without treatment.



	II

	76.5–92.7

	Good water quality. Suitable for livestock drinking with treatment.



	III

	51.9–76.6

	Can be used as drinking water but needs very intensive treatment.



	IV

	31.0–51.9

	Water quality suitable for plantation drainage but not suitable to apply to sensitive vegetation.



	V

	<31.0

	Water unsuitable for any of the above uses.




Analysing Sediment Heavy Metals

Sediment samples were collected on every sampling occasion from each site and air-dried in the laboratory to analyse their heavy metal contents [zinc (Zn), nickel (Ni), copper (Cu) and manganese (Mn)] following the method of Chester and Voutsinou (1981). In the laboratory, the sediment was separated from large debris by using a 500 μm mesh sieve. Five grams of dried sediment was weighed accurately and placed in a 100 ml-wide neck glass flask. Subsequently, 75 ml of 0.5 M HCl was added. The flask was shaken for approximately 16 hours. The mixture was filtered through 0.45 μm filter paper to separate the non-residual solution. The solution was sprayed directly into an Atomic AAnalyst 100 Absorption Spectrophotometer (Flame AAS) (PerkinElmer, Massachusetts, USA) with appropriate lamps and wavelength settings for specific metals.

Statistical Analysis

Variations among the bimonthly mean distributions for the aquatic bugs were analysed by using the Kruskal-Wallis test for non-normally distributed data. At all sites, the hemipteran community features of diversity (Shannon Wiener H’), evenness (Pielou J), similarity of distribution (Bray Curtis) and richness (Menhinick Richness Index) were analysed with Species, Diversity and Richness Software (PISCES Conservation Ltd. 2007, Hampshire, UK) using generic abundances and diversities that were assumed to represent their morpho-species. The similarities of hemipteran abundances between pairs of sites were calculated as Whittaker’s beta diversity Index (Whittaker 1972; Magurran 2004). The Important Species Index (ISI) was used to rank various genera based on their abundance and their frequency of occurrence at each site (Magurran 2004). The species richness in the upper Kerian River basin was expressed as Gamma diversity (Whittaker 1972). Associations among various physicochemical water parameters including the WQI with hemipteran abundance, diversity and richness were indicated by Spearman’s rho correlation coefficients.

RESULTS

The Composition and Abundance of Hemiptera in Rivers Within the Kerian River Basin

The hemipterans were represented by 8 families, 16 genera and 849 individuals. Rhagovelia was the most common genus contributing 36.98% of the total hemipterans followed by Paraplea (22.03%) and Laccocoris (11.54%) (Table 2). The abundance of hemipterans was significantly different among sampling sites (Kruskal-Wallis X2 = 0.00, p<0.05) but no temporal abundance (Kruskal-Wallis X2 = 0.144, p>0.05) or wet-dry seasonal variation (Z = 0.00, p>0.05) was detected.

Among the sampling sites, the MR had the highest hemipteran abundance followed by the KR, and the LS and US had the lowest (Fig. 2). Out of the 16 genera collected, 6 genera occurred in high abundance at the MR, reflecting its habitat suitability to the hemipterans. Rhagovelia, Pseudovelia, Pleciobates, Rheumatogonus, Cylindrostethus and Paraplea were well distributed at all sites and some genera such as Angilovelia, Amemboa, Micronecta and Limnogonus were only collected at one of the sites (Table 2). Coinciding with the highest abundance, Rhagovelia was the most important genus (highest ISI score) in the upper basin of the Kerian River followed by Rheumatogonus and Cylindrostethus (Table 3). The hemipteran community diversity, richness and evenness were higher in the US (Table 4), which was complemented by its difference from other sites as reflected by the score for the Whittaker’s β diversity index (Table 5). The hemipteran community in the KR was more similar to that of the MR and LS but the US separated itself from other sites (Fig. 3). Considering the low number of sampling sites from limited habitats that were sampled, the total richness of Hemiptera in this part of the river basin as represented by gamma diversity (16) was fair.

Table 2: The hemipteran generic abundance at each sampling site during the study.



	Family/genus
	US

	LS

	MR

	KR




	VELIIDAE



	Angilovelia

	0

	0

	1

	0




	Rhagovelia

	6

	11

	181

	116




	Pseudovelia

	1

	5

	47

	4




	GERRIDAE



	Pleciobates

	10

	5

	1

	4




	Rheumatogonus

	32

	20

	24

	21




	Amemboa

	0

	0

	3

	0




	Ptilomera

	2

	0

	0

	1




	Cylindrostethus

	4

	3

	7

	2




	Limnogonus

	0

	0

	0

	2




	NEPIDAE



	Cercotmetus

	0

	0

	12

	3




	MICRONECTIDAE



	Micronecta

	0

	3

	0

	0




	NAUCORIDAE



	Laccocoris

	11

	62

	0

	25




	APHELOCHEIRIDAE



	Aphelocheirus

	6

	12

	0

	4




	PLEIDAE



	Paraplea

	12

	92

	40

	43




	HELOTREPHIDAE



	Hydrotrephes

	0

	0

	1

	7




	Helotrephes

	0

	0

	0

	3




	Total abundance (genus)
	84(9)

	213(9)

	317(10)

	235(13)
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Figure 2: The abundance (mean±SE) of Hemiptera at four study sites in the Kerian River Basin as collected from July 2008 until July 2009.

Notes: Bars indicate standard errors. Histograms sharing the same letter are not significantly different (at p = 0.05) based on the Mann-Whitney test.
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Figure 3: A similarity analysis of hemipteran abundance among sampling sites.



Table 3: The Important Species Index of Hemiptera in selected rivers in the Kerian River Basin.



	Genus
	US

	LS

	MR

	KR




	Rhagovelia
	1.87

	4.22

	57.60

	33.84




	Angilovelia
	0

	0

	0.07

	0




	Pseudovelia
	0.07

	1.71

	5.64

	0.99




	Cylindrostethus
	15.53

	1.34

	0.54

	0.22




	Ptilomera
	0.19

	0

	0

	0.08




	Rheumatogonus
	36.45

	10.53

	4.50

	7.11




	Pleciobates
	0.93

	1.48

	0.07

	0.9




	Amemboa
	0

	0

	0.13

	0




	Limnogonus
	0

	0

	0

	0.3




	Cercotmetus
	0

	0

	3.42

	0.56




	Micronecta
	0

	0.81

	0

	0




	Laccocoris
	10.44

	28.87

	0

	12.43




	Aphelocheirus
	3.47

	4.16

	0

	0.43




	Helotrephes
	0

	0

	0

	0.32




	Hydrotrephes
	0

	0

	0.002

	0.39




	Paraplea
	5.69

	12.57

	14.83

	15.77





Table 4: Ecological Index scores of hemipteran communities from rivers in the Kerian River Basin.



	Ecological index
	US

	LS

	MR

	KR




	Shannon (H’)
	1.69

	1.41

	1.35

	1.58




	Menhinick (R2)
	0.91

	0.56

	0.51

	0.79




	Pielou J
	0.81

	0.68

	0.61

	0.64





Table 5: Scores for the Whittaker’s beta diversity index from the sampling sites in the upper catchment of the Kerian River Basin (KRB).



	Rivers
	Whittaker’s beta diversity index




	US–LS
	0.11




	US–MR
	0.37




	US–KR
	0.18




	LS–MR
	0.37




	LS–KR
	0.27




	MR–KR
	0.30





The Influence of Physico-chemical Parameters and Heavy Metals in the Sediments

Environmental parameters in all rivers fell within similar ranges (Tables 6 and 7). The TSS and water turbidity varied among rivers; it was very low in the US but steadily increased from the LS to the MR with its highest in the KR. Although sand was actively mined in MR, the water quality (WQI scores) was very good (Class I) at all sites suggesting very clean water suitable for human consumption with only minimal treatment required for the LS. The LS passes through a sparsely populated village, and its WQI fell into Class II. There were very weak associations between some water parameters (Table 8) and individual generic abundance, but stronger relations for DO, COD, and temperature were observed with the diversity (H’) and richness (R2) of the water bug community in the river basin. Out of four heavy metals analysed in the sediments from all sites, only zinc and manganese were detected, and they showed weak to fair associations with generic abundance, hemipteran diversity and richness (Table 8 and Table 9). Other parameters had no relation to the abundance of the water bugs.

Table 6: The environmental characteristics of the study sites.



	River attribute
	US

	LS

	MR

	KR




	Canopy cover
	Partially shaded

	Fully open

	Partially shaded

	Fully open




	Substrate type
	Boulder, cobble

	Cobble, gravel

	Gravel, sand

	Cobble, gravel




	Land use
	Recreational

	Residential

	Residential; sand mining

	None observed disturbance





Table 7: Physicochemical water parameters [Mean ± standard error (SE)] and river classifications based on the WQI.



	Water parameter
	US

	LS

	MR

	KR




	pH
	6.49±0.046

	6.20±0.063

	6.73±0.051

	6.20±0.071




	DO (mg/L)
	8.65±0.082

	8.70±0.140

	8.40±0.116

	8.42±0.088




	Temperature (°C)
	21.99±0.127

	22.46±0.134

	21.9±0.178

	23.02±0.102




	Velocity (ms–1)
	0.46±0.008

	0.87±0.025

	0.51±0.007

	0.85±0.010




	TSS (mg/L)
	2.43±0.212

	3.71±0.211

	4.14±0.337

	12.57±0.992




	Turbidity (NTU)
	1.36±0.055

	1.45±0.076

	2.37±0.217

	5.71±0.556




	Nitrate (mg/L)
	0.04±0.003

	0.05±0.003

	0.06±0.003

	0.08±0.006




	Amm. N (mg/L)
	0.04±0.002

	0.05±0.001

	0.05±0.001

	0.06±0.001




	COD (mg/L)
	27.57±0.440

	34.14±0.512

	37.43±0.321

	35.71±0.374




	BOD (mg/L)
	0.60±0.044

	0.63±0.050

	0.68±0.007

	0.44±0.025




	WQI
	102.77

	90.89

	112.30

	100.64




	Mn (ppm)
	37.57±1.28

	40.59±2.14

	31.19±0.99

	24.75±1.76




	Zn (ppm)
	6.01±0.22

	6.18±0.53

	4.31±0.19

	6.33±0.42




	River class
	I

	II

	I

	I





Notes: Amm. N = Ammonical nitrogen (NH3N) at study sites. Ni and Cu were not detected in the sediments at all sites.

Table 8: Relation [Spearman’s rho Correlation Coefficient (ρ)] between water parameters and the abundance of selected Hemiptera genera.
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Note: *significant at p = 0.05 level (2-tailed), **significant at p = 0.01 level (2-tailed)

Table 9: Relations [Spearman’s rho Correlation Coefficient (ρ)] between Hemiptera abundance and ecological indices with water and sediment parameters.



	Parameter
	Shannon (H’)

	Menhinick (R1)

	Abundance




	DO
	–0.37**

	–0.38**

	0.01




	Ammonia
	-0.06

	–0.14*

	0.13*




	TSS
	0.25**

	0.09

	0.19**




	COD
	–0.43**

	–0.34**

	0.18**




	BOD
	0.10

	0.30**

	–0.01




	Turbidity
	0.26**

	0.32**

	0.09




	Temperature
	0.39**

	0.37**

	0.08




	WQI
	–0.26**

	–0.29**

	–0.05




	Zn
	0.08

	–0.21*

	–0.27**




	Mn
	–0.41**

	–0.48*

	–0.13





Note: *significant at p = 0.05 level (2-tailed), **significant at p = 0.01 level (2-tailed)

DISCUSSION

Out of 18 families and 64 genera recorded in peninsular Malaysia and Singapore (Yang et al. 2004), only 8 families and 16 genera were collected from the 3 rivers in the Kerian River Basin. As a group, aquatic hemipterans inhabit various freshwater habitats, moist soil, ponds, streams, rivers, rock pools, phytotelmata, water-splashed rocks, hot springs, brackish water, intertidal coral reef flats and the ocean (Yang et al. 2004). The study sites covered here provided limited habitats for the bugs and thus was reflected in their low diversity. The composition of the hemipterans differed among the four sites but with only slightly lower diversity (H’ = 1.35) at the MR where sand mining was still in operation. There were very weak associations of hemipteran abundance with water quality because of the small variations in water parameters recorded at all sites. Although the water quality is important in determining the abundance and distribution of many aquatic insect groups (Dance & Hynes 1980; Ahmad et al. 2002; Azrina et al. 2006), the different composition and abundance of Hemiptera at each site was likely more related to habitat availability and suitability where they lived (Stout 1982).

Environmental characteristics are important in shaping the structure of aquatic macroinvertebrate communities (Buss et al. 2002; Murphy & Davy-Bowker 2005; Subramanian & Sivaramakrishnan 2005; Beauger et al. 2006; Hughes 2006) including the hemipterans observed in this study. More hemipteran genera of higher abundance were recorded in KR and MR and a lower hemipteran assemblage inhabited the US in which the substrates consisted primarily of boulders and large cobbles. Nonetheless, the US habitat was preferred by some prey (Subramanian & Sivaramakrishnan 2005; Hoang & Bae 2006) of the predatory hemipterans (Yang et al. 2004). The gerrid Rheumatogonus was relatively common in the US, and it skated on the water surface with the aid of densely haired, long middle legs, which enabled it to live on fast running water (Yang et al. 2004). A very low abundance of other fast running water gerrids (Pleciobates, Ptilomera and Cylindrostethus) was recorded. Most of these gerrids occurred in higher abundance in the US, which has the slowest water flow among the four sites and possibly within a more suitable range for the insects or their prey. Six genera, Cercotmetus, Hydrotrephes, Amemboa, Helotrephes, Micronecta and Limnogonus, commonly inhabited stagnant, slow-moving water or vegetated areas, and they were completely absent from the US and LS and in general were poorly represented in this part of the basin. The scores for Whittaker’s beta diversity index supported the close similarity of the hemipteran community in the US and LS but were different from that of the MR.

Rhagovelia was highly abundant in the MR and KR but very few were collected from the US and LS. This aquatic insect was commonly found near the roots of aquatic vegetation where the water was stagnant or moving very slowly. McPherson and Taylor (2006) also reported that Steinovelia stagnalis (Veliidae) was collected in enormous numbers from emergent vegetation among the roots of weeds and along the banks of stagnant pools in small streams. The importance of rooted weeds was supported by Wood and Sites (2002) when they found that the structural and habitat complexity offered by the root mats increased the abundance of these insects. Small and hard-bodied veliids exploit surface tension and particular body postures to escape from predators by climbing out of the water and onto aquatic plants (Ahmed & Gadalla 2005). The LS lacked aquatic vegetation and the water flow in the US was fast, and hence these two sites were less suitable for this genus.

The abundance of hemipteran genera in the Kerian River basin was weakly associated with measured water parameters as indicated by Spearman ρ scores that ranged from 0.12 (Cercotmetus and COD) to 0.28 (Rhagovelia and COD). However, there were relatively strong negative influences especially by DO, COD and manganese on the collective hemipteran diversity (H’) and richness (R2). Interestingly, there were weak negative associations for hemipteran diversity and richness with the water quality (WQI), which nevertheless translated into their tolerance to the ranges of water parameters within the river basin.

The effects of various heavy metals on macroinvertebrates [such as cadmium (Cd), Cu, Zn, lead (Pb), iron (Fe), Mn and chromium (Cr)] were previously documented by several authors (Marques et al. 2003; Smolders et al. 2003; Iwasaki et al. 2009; Al-Shami et al. 2011b; Warrin et al. 2012). Individual macroinvertebrates that were exposed to heavy metal contamination experienced decreased survival in addition to shorter and lower body length and weights, respectively (Wentsel et al. 1977). The diversity and richness of the benthic macroinvertebrate community are much reduced in heavy metal-contaminated water bodies (Marques et al. 2003; Smolders et al. 2003). In this part of the river basin, fertiliser leachates from agricultural land, domestic and industrial effluents or naturally occurring geological weathering may have introduced heavy metals into rivers (Forstner & Wittmann 1983). Although most hemipteran genera are surface dwellers, some genera, such as Laccocoris and Aphelocheirus, live in close contact with the contaminated sediments and are thus more exposed to heavy metals either in the sediment or to the amount that is occasionally released into the water (Beasley & Kneale 2002). Zinc and manganese were negatively associated with both the diversity and richness of the hemipteran community although the concentration of both metals for all study sites were way below those reported to cause deleterious effects on aquatic insects (Wentsel et al. 1977).

In the LS, Laccocoris (Naucoridae) was markedly abundant but it was not found in the MR, and very few were found in the US. The result of this study also implied that Laccocoris was relatively tolerant to the increasing water acidity and ammonia content in the water. Among all the sites, the LS received continuous anthropogenic discharge from human dwellings along the stream banks, which apparently did not adversely affect the Laccocoris population at the site. Paraplea, Rheumatogonus and Rhagovelia were well distributed at all sites. These hemipterans were able to tolerate a wide range of environmental parameters and inhabited the many types of microhabitats available in the river basin.

CONCLUSION

The findings of this study showed that some water parameters and heavy metals in the sediments had fairly negative or positive associations with hemipteran diversity and richness in the upper Kerian River Basin. The Hemiptera diversity was low and its generic abundance at all sampling sites was more related to habitat availability and suitability. Rhagovelia, Rheumatogonus and Paraplea were common at all study sites.
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APPENDIX

The Best Fit for the estimation of Sub-index values.



	Subindex for DO (in % saturation)



	SIDO = 0
	for x≤8



	          = 100
	or x≥92



	SIDO = –0.395 + 0.030x2 + –0.00020x3
	for 8<x<92



	Subindex for BOD




	SIBOD = 100.4 – 4.23x
	for x≤5



	SIBOD = 108*exp (–0.0157x – 0.04x)
	for x>5



	
Subindex for COD




	SICOD = –1.33x + 99.1
	for x≤20



	SICOD = 103*exp (–0.0157x – 0.04x)
	for x>20



	
Subindex for AN




	SIAN = 100.5 – 105x
	for x≤0.3



	SIAN = 94*exp (–0.573x – 5* lx –2l)
	for 0.3<x<4



	SIAN = 0
	for x≥4



	
Subindex for SS




	SISS = 97.5*exp (–0.0067x + 0.05x)
	for x≤100



	SISS = 71*exp (–0.001x – 0.015x)
	for 100<x<1000



	SISS = 0
	for x≥1000



	
Subindex for pH




	SIPH = 17.2 – 17.2x + 5.02x2
	for x<5.5



	SIPH = –242 + 95.5x – 6.67x2
	for 5.5≤x<7



	SIPH = –181 + 82.4x – 6.05x2
	for 7≤x<8.75



	SIPH = 536 – 77.0x + 2.76x2
	for x≥8.75



	
(x = concentration in mg/L for all parameters except pH and DO)




	
The calculation for the WQI is performed according to the following equation:

WQI = (0.22 × SIDO) + (0.19 × SIBOD) + (0.16 × SICOD) + (0.15 × SIAN) + (0.16 × SISS) + (0.12 × SIPH)





Notes: The SI is the subindex for each parameter. The water quality for the rivers is categorised based on the WQI values. AN = ammonia nitrogen, SS = suspended solid.
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Abstrak: Bakteria asid laktik (LAB) merupakan mikroorganisma primer yang digunakan untuk menapai makanan berasaskan jagung, sorgum atau sekoi yang diproses di Afrika Barat. Proses penapaian menyumbang kepada perubahan diingini dalam rasa, perisa, keasidan, pencernaan dan tekstur dalam bubur (ogi, baca, dalaki), doh (agidi, banku, komé) ataupun produk berbutir yang dikukus (arraw, ciacry, dégué). Sama dengan produk bijirin yang ditapai yang boleh didapati di Afrika, produk-produk ini terjejas dengan masalah kualiti yang tidak konsisten. Penggunaan kultur mula LAB semasa penapaian doh bijirin merupakan subjek yang semakin menarik perhatian dalam usaha memiawaikan proses ini dan menjamin keseragaman produk. Walau bagaimanapun, pengunaan oleh unit pemprosesan secara kecilan ataupun perusahaan agro-makanan masih terbatas. Ulasan ini bertujuan untuk menggambarkan dan membincangkan isu-isu utama yang memberi kesan terhadap penggunakan kultur mula LAB semasa proses penapaian makanan bijirin di Afrika Barat.

Kata kunci: Bakteria Asid Laktik, Kultur Mula, Bijirin, Makanan Fermentasi, Afrika Barat

Abstract: Lactic acid bacteria (LAB) are the primary microorganisms used to ferment maize-, sorghum- or millet-based foods that are processed in West Africa. Fermentation contributes to desirable changes in taste, flavour, acidity, digestibility and texture in gruels (ogi, baca, dalaki), doughs (agidi, banku, komé) or steam-cooked granulated products (arraw, ciacry, dégué). Similar to other fermented cereal foods that are available in Africa, these products suffer from inconsistent quality. The use of LAB starter cultures during cereal dough fermentation is a subject of increasing interest in efforts to standardise this step and guaranty product uniformity. However, their use by small-scale processing units or small agro-food industrial enterprises is still limited. This review aims to illustrate and discuss major issues that influence the use of LAB starter cultures during the processing of fermented cereal foods in West Africa.

Keywords: Lactic Acid Bacteria, Starter Cultures, Cereals, Fermented Foods, West Africa

INTRODUCTION

The traditional cereal-based foods that are consumed in West Africa are processed by the natural fermentation of maize, sorghum and/or millet and are particularly important as weaning foods for infants and as dietary staples for adults. In terms of texture, the fermented cereal foods are either liquid (porridge or gruel), stiff gels (solid) or dry (fried or steam-cooked granulated products). The fermentation process is often carried out on small or household scales and are characterised by the use of simple, non-sterile equipment, random or natural inoculums, unregulated conditions, sensory fluctuations, poor durability and unattractive packaging of the processed products (Olanrewaju et al. 2009).

West African countries are experiencing rapid changes in their social and economic environments, which are associated with changes in food consumption patterns. In response to increasing rates of urbanisation, efforts are now geared towards developing small-scale facilities for the processing of fermented cereal foods, thus ensuring the quality of the finished product (Trèche et al. 2002). The modern large-scale production of fermented cereal-based foods is almost entirely dependent on the use of defined strains of microorganisms, which could replace the undefined strain mixtures traditionally used for the manufacture of these products (Klaenhammer & Fitzgerald 1994). The development and improvement of inoculants containing high concentrations of live microorganisms, referred to as starter cultures, is a subject of increasing interest in efforts to standardise the fermentation step. Many studies have focused on the characterisation of the microorganisms that are commonly used in the processing of these products (Halm et al. 1993; Hounhouigan et al. 1993; Lei & Jakobsen 2004; Vieira-Dalodé et al. 2007; Nwachukwu et al. 2010; Sawadogo-Lingani et al. 2010; Songré-Ouattara et al. 2010; Oguntoyinbo et al. 2011; Turpin et al. 2011; Adimpong et al. 2012; Oguntoyinbo & Narbad 2012; Owusu-Kwarteng et al. 2012; Ekwem 2014; Obinna-Echem et al. 2014). Such research has demonstrated that fermentation was natural and involved mixed cultures of lactic acid bacteria (LAB), yeasts and fungi. The lactic acid bacteria species identified included Lactobacillus fermentum, Lactobacillus plantarum, Lactobacillus salivarius, Lactobacillus delbrueckii, Lactobacillus amylolyticus, Lactobacillus reuteri, Lactobacillus paraplantarum, Lactococcus lactis, Leuconostoc mesenteroides, Pediococcus acidilactici, Pediococcus pentosaceus, Streptococcus gallolyticus and Weissella confusa. Species identification was performed using phenotypic tests such as cell morphology, sugar fermentation patterns and gas production from glucose, as well as molecular typing techniques, including pulsed-field gel electrophoresis, PCR-based methods and DNA sequencing. The use of isolated strains during cereal dough fermentation was reported to (1) minimise dry matter loss, (2) enhance control over the fermentation step, (3) enhance acid production or reduction in pH levels, (4) contribute to aroma and taste formation, as well as to increase the overall acceptability of the product and (5) enhance the nutritional quality of the product through the formation of preservative compounds or a reduction in mycotoxins, such as aflatoxins and fumonisins (Hounhouigan et al. 1993; Halm et al. 1996; Annan et al. 2003; Lardinois et al. 2003; Fandohan et al. 2005; Teniola et al. 2005; Agarry et al. 2010; Songré-Ouattara et al. 2010; Enwa et al. 2011; Ekwem 2014). Despite these results, the use of LAB starter cultures by small-scale processing units or small-scale industrial agro-food enterprises continues to be limited.


The industrial use of LAB starter cultures in the food industry depends on the concentration and preservation technologies employed, which are required to permit long-term delivery of stable cultures in term of viability and functional activity (Carvalho et al. 2003). Commercial starter cultures are supplied in concentrated form by freeze-drying, vacuum-drying, spray-drying, drum-drying, fluidised bed-drying or air-drying. The use of dried starter cultures has been shown to be of great benefit by small-scale processing units in Senegal (Lardinois et al. 2003; Totté et al. 2003), where spray-dried L. plantarum starter cultures facilitated a greater degree of control over millet fermentation and standardisation of arraw, ciakri or cere processing. The aim of this paper is to highlight the current knowledge on the microbiology of fermented cereal-based foods in West Africa and to examine the major issues that influence the use of LAB starter cultures during cereal dough fermentation.

TRADITIONAL FERMENTED CEREAL-BASED FOODS IN WEST AFRICA

Traditional fermented foods prepared from millet, sorghum or maize are consumed in many West African countries. The majority of these products are consumed as beverages, or for breakfast or as snack foods, while a few are consumed as staples and used as child-weaning foods (Table 1). Generally, treatments such as drying, dehulling, washing, soaking, grinding and sieving are some of the steps applied during the processing of fermented gruels, whereas milling and sieving are required as pre-fermentation steps during the production of dry foods, such as bread. These cereal-based fermented foods can be classified based on either the raw cereal materials used or the texture of the fermented product.

Classification based on the raw cereal materials:

(1) maize-based foods, e.g., banku, kenkey, mawè, agidi;

(2) millet-based foods, e.g., ben-saalga, dégué, arraw, dagnan;

(3) sorghum-based foods, e.g., ogi, kunun-zaki, komé, gowé.

Classification based on the texture of the fermented product:

(1) liquid (gruel and porridges), e.g., ogi, baca, ben-saalga, dalaki;

(2) solid (dough and dumplings), e.g., kenkey, akidi, banku, komé;

(3) dry (baked, fried and steam-cooked granulated products), e.g., arraw, dégué, masa, wômi.


Table 1: Most common cereal-based fermented foods from West Africa.



	Product name
	Raw material used

	Nature of use

	Country of production

	References




	Akidi (agidi)
	a

	a

	a, b

	Olasupo et al. 1997; Obinna-Echem et al. 2014




	Akamu
	a

	a

	b

	Nwachukwu et al. 2010; Obinna-Echem et al. 2014




	Aklui
	b

	b

	c

	Mestres et al. 1999




	Arraw/cakry/cere
	c

	c

	Senegal

	Broutin 2003; Ndiaye et al. 2008




	Baca
	Millet, rice or maize

	d

	d

	Brou et al. 2008; Soro-Yao et al. 2013, 2014




	Coco-baca
	Millet and maize

	b/d

	d

	Soro-Yao et al. 2014




	Banku
	b

	a

	a

	Blandino et al. 2003




	Ben-saalga
	c

	d

	e

	Guyot et al. 2004; Songré-Ouattara et al. 2010




	Dagnan
	c

	a

	d

	Aboua et al. 1989




	Dalaki
	c

	b

	b

	Blandino et al. 2003




	Dégué
	c

	b

	e

	Hama et al. 2009




	Eko or pap
	c

	b

	b

	FAO 1990; Olasupo et al. 1997




	Fura
	c

	a/d/e

	a/b

	Owusu-Kwarteng et al. 2012




	Gowé
	d

	e

	c

	Viera-Dalodé et al. 2007




	Kenkey
	b

	a/d

	a/b

	Olasupo et al. 1996; Annan-Prah and Agyeman 1997; Blandino et al. 2003




	Koko
	a

	b

	a

	Blandino et al. 2003; Lei and Jakobsen 2004; Adimpong et al. 2012




	Koko sour water/Porridge koko
	a

	d/b

	a

	FAO 1990




	Komé
	d

	a

	f

	Ali and Djalé 2001




	Kunun-zaki
	Millet or sorghum

	e

	b

	Olasupo et al. 2000; Blandino et al. 2003; Oguntoyinbo et al. 2011; Oguntoyinbo and Narbad 2012




	Masa
	Millet or maize

	f

	b

	Ayo et al. 2008




	Mawè
	b

	c

	f/c

	Hounhouigan et al. 1993, 1999




	Ogi/ ogi-baba
	a

	b

	b/a

	Blandino et al. 2003; Oguntoyinbo et al. 2011; Oguntoyinbo and Narbad 2012




	Wômi
	c

	f

	d

	Aboua et al. 1989; Soro-Yao et al. 2013





Notes: Data with the same letter within a column are identical.

Raw material used: (a) maize, sorghum or millet, (b) maize, (c) millet, (d) sorghum.

Nature of use: (a) dough as staple, (b) porridge as staple, (c) basis for preparation of many dishes, (d) porridge as weaning food, (e) beverage for many adults, (f) fried cake as staple for breakfast and snack item.

Country of production: (a) Ghana, (b) Nigeria, (c) Benin, (d) Côte d’Ivoire, (e) Burkina-Faso, (f) Togo.


Gruels and Porridges

The fermented cereal porridges consumed in West African countries vary greatly in consistency, from stiff and dry (e.g., mashed potatoes) to thin gruels. The differences in consistency can be attributed to differences in the solids content (the proportion of flour/meal to water used in preparation, 8%–10% total solids), their preparation and the degree to which the starch has been hydrolysed. They are eaten with bean cake or other protein-rich foods. Acidic stiff porridges, such as dalaki, are made in Nigeria by sourdough fermentation (Blandino et al. 2003). Ogi, koko, ben-saalga, baca and arraw, for example, are generally consumed as breakfast by adults and used as weaning foods in Benin, Nigeria, Ghana, Burkina-Faso, Côte d’Ivoire and Senegal (Broutin 2003; Lestienne 2004; Brou et al. 2008; Soro-Yao et al. 2013, 2014).

Gels/dough and Dumplings

Akidi, akamu, banku, dagnan, fura, kenkey and komé are popular types of dough and dumplings in West African countries and are produced mainly from millet, maize or sorghum grains blended with spices and water, with the resulting fermented slurry compressed into balls and cooked. The cooked dough balls can be broken up, made into porridge by mixing with yoghurt, fresh milk, sugar or water and consumed as a rather lumpy soup. In this mixture, milk is a source of protein, and the millet, maize or sorghum ball provide carbohydrates. The sour taste of the cooked dough balls is particularly suited for quenching thirst (Owusu-Kwarteng et al. 2012; Obinna-Echem et al. 2014).

Steam-cooked Granulated Products

These products result from the agglomeration or granulation of moistened flour or fermented dough and are sometimes steamed and then dried. Examples include dishes such as couscous, cere or cakry in Senegal, aklui in Benin and dégué in Burkina-Faso. Such foods are distinguished by the fineness of particle size, the existence and the length of a fermentation step and whether an initial steaming is performed. Couscous, the finest and most common granulated product, is often fermented in Senegal (Broutin 2003). Granulated products of average size, such as cacry in Senegal and dégué in Burkina Faso and Mali, are used to make, for example, porridge from curdled milk. Granulated products of larger sizes are not cooked before drying. Their processing may include a fermentation step that is more or less similar to that of couscous, if the cereal grains used are washed before they are ground into flour, which is often stored overnight and then granulated. The granulated product is not parboiled before drying, and fermentation which takes approximately 30 hours, can occur at the beginning of the drying step (Broutin 2003).

Baked or Fried Products

Millet or sorghum flour can be fermented to prepare many types of breads or cakes. Mixing their cereal flour with water makes a type of dough that can be fermented and then fried to make several types of cakes popular in West African countries (Nkama 1993). Massa and wômi are traditional fried cakes that are made from sorghum, maize or millet in Nigeria and Côte d’Ivoire, respectively (Lestienne 2004; Soro-Yao et al. 2013). These cakes are consumed in various forms by people of all ages. A crisp, brown edge and a mildly sour taste are the desired attributes of masa (Ayo et al. 2008). Neither sorghum nor millet contain gluten proteins, so small amounts of wheat flour are added to the mix to produce yeast-leavened breads. The amount of wheat flour substituted varies depending on the quality of the wheat flour, the baking procedure, the quality of sorghum or millet flour and the desired product.

IMPORTANCE OF FERMENTED CEREAL-BASED FOODS IN WEST AFRICA: AN UPDATE

Healthy and Safe Products

Lactic acid fermentation enhances the shelf life of the fermented product, most likely because the diverse array of antimicrobial metabolites produced during the fermentation process (Nout 1994). These metabolites include many organic acids, such as lactic, acetic and propionic acids produced as end products, which create an acidic environment unfavourable for the growth of many pathogenic and food-spoilage microorganisms (Caplice & Fitzgerald 1999). In addition to acids, LAB can produce a range of other antimicrobial metabolites, including ethanol generated via the heterofermentative pathway, H2O2 produced during aerobic growth, diacethyl formed from excess citrate-derived pyruvate and bacteriocins, which are ribosomally synthesised antimicrobial compounds (Diop et al. 2010). Lantibiotics, a special class of bacteriocins produced by LAB and other Gram-positives, have been widely studied. Nisin is a well-known lantibiotic produced by Lactococcus lactis and widely used as a food preservative. Its activity is based on the permeabilisation of the cytoplasmic membrane, leading to its depolarisation (Hyde et al. 2006). Plantaricin and pediocin are other bacteriocins distributed among L. plantarum and pediococci species (Diep et al. 2006; Wiedemann et al. 2006), respectively. An inhibition of Escherichia coli and Staphylococcus aureus species was observed during ogi fermentation with a bacteriocin-producing Lactobacillus (Olasupo et al. 1997) and after incubation with Lactobacillus species isolated from akamu (Ekwem 2014), respectively.

Probiotic and Prebiotic Potentials

There is growing awareness in West Africa of the health benefits associated with probiotic foods. The term ‘probiotic’ refers to a product that contains mono or mixed cultures of live microorganisms, which, when ingested, improves host health by enhancing microbial balance [Food and Agriculture Organisation/World Health Organisation (FAO/WHO 2001)]. Most probiotic organisms used in human food belong to the genera Lactobacillus or Bifidobacterium (Herbel et al. 2013). Escherichia coli Nissle 1917, L. lactis, S. thermophilus and Enterococcus faecium are also often used as probiotics in human and animal nutrition. Recent research has shown that some fermented cereal-based foods available in West Africa may have probiotic potential. Based on laboratory trials, Lei and Jacobsen (2004) found that LAB isolated from koko can withstand the physiological challenges posed by the gastrointestinal tract (GIT) and may be able to colonise the GIT. In controlled human trials, Lei et al. (2006) demonstrated that koko sour water (KSW) reduces diarrhoea in children. Faecal enteric bacteria, such as Salmonella, Shigella and E. coli, were found to be significantly less prevalent in children fed fermented maize gruel than in children who were not (Mensah et al. 1991; Tetteh et al. 2004). A Lactobacillus starter culture was used to produce an improved ogi called DogiK, which exhibited antimicrobial properties against some diarrhoeagenic bacteria (Olukoya et al. 1994). The use of cereal constituents in probiotic food formulation as fermentable substrates for LAB starter cultures, encapsulation material, and/or dietary fibre supplementation have been explored (Venter 2007; Arena et al. 2014). Water-soluble and insoluble β-glucan, arabinoxylans, oligosaccharides and resistant starch are cereal indigestible but fermentable dietary carbohydrates, which are used to grow probiotic LAB and could be used to realise the beneficial effect of both the probiotic and prebiotic effects (Lamsal & Faubion 2009).

Nutritional and Health Benefits

The products made from millet, maize or/and sorghum dough contribute to the protein requirements of West African peoples and are particularly important as weaning foods for children and as dietary staples for adults (Fig. 1, FAO 2012). Natural fermentation of cereals leads to a decrease in the level of carbohydrates, as well as some non-digestible poly- and oligosaccharides. Lactic acid fermentation also provides optimum pH conditions for enzymatic degradation of phytate, which is present in cereals in the form of complexes with polyvalent cations (such as iron, zinc, calcium, magnesium and proteins) (Coulibaly et al. 2011). The fermented gruel used as weaning food is usually inadequate in several nutrients, leading to widespread protein malnutrition during the weaning period (Ugwu 2009). Various attempts for nutrient restoration and supplementation of ogi, such as blending with fermented and unfermented legumes, adding pawpaw slurry at various levels of substitution (Otunola et al. 2006) and co-fermenting with cowpea (Oyarekua 2011), have been made. Additionally, the use of starter cultures to hydrolyse starch with the aim of increasing the energy value of cereal gruel was explored (Songré-Ouattara et al. 2009, 2010). Fermented cereal products have also been used as foods with enhanced heath properties. Probiotic bacteria are able to change the population of the gut microbiota by influencing the metabolic and nutritional functions of commensal bacteria (Ciorba 2012). Indirect and/or direct immune modulating capacities of probiotic bacteria through antigen production, modulation of sensory motor functions, an enhancement of mucosal barrier functions and/or production of anti-pathogenic effects have also been reported (Ciorba 2012). Lactobacillus pentosus, Lactobacillus brevis and other probiotic bacteria were able to bind aflatoxin B1, the most potent mycotoxin among various aflatoxins, which may be formed during storage of cereal grains (Hamidi et al. 2013; Zoghi et al. 2014).
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Figure 1: Millet, maize and sorghum’s (a) food supply quantity or (b) protein supply, in 2009.



USES OF LACTIC ACID BACTERIA STARTER CULTURES DURING CEREAL DOUGH FERMENTATION

Knowledge of the microbiology of fermenting cereal dough is essential for the development of starter cultures. The microbiology of many West African fermented cereal products – including the maize products mawè, ogi and koko sour water (Hounhouigan et al. 1993; Oguntoyinbo et al. 2011; Adimpong et al. 2012), the sorghum products gowè, kunun-zaki and ogi-baba (Odunfa & Adeyele 1985; Viera-Dalodé et al. 2007; Oguntoyinbo & Narbad 2012) and the millet products arraw, ben-saalga and akamu (Totté et al. 2003; Songré-Ouattara et al. 2008; Nwachukwu et al. 2010; Turpin et al. 2011) – have been examined. These analyses have shown that the fermentation process is natural and involves mixed cultures of LAB, yeasts, fungi and Bacillus species. LAB species of the genera Lactobacillus, Leuconostoc, Weissella, Streptococcus and Pediococcus, as well as yeast species of the genera Saccharomyces, Candida and Kluyeromyces, have been identified as the dominant microorganisms in the fermentation process of cereal-based foods (Table 2). The isolated LAB species have been used, often in combination with yeast species, as starter cultures in controlled laboratory trials (Table 3). Overall, higher lactic acid production, rapid acidification, superior product shelf life, improved organoleptic properties and a greater degree of control over the fermentation process have been achieved with the use of starter cultures compared to traditional processes (i.e., without the use a selected starter culture). Although many laboratory trials using LAB starter cultures have been undertaken, reports on fermented cereal-based foods produced with the identified and selected strains are extremely scarce. However, a collaborative project between Belgian cooperation and the Institute of Food Technology (ITA) in Dakar (Senegal) has been carried out in order to improve millet fermentation. In this research, spray-dried L. plantarum conditioned in millet flour was used as the starter culture during millet fermentation for arraw production. The project has led to the development of an improved processing of steam-cooked granulated products by small-scale urban processing units (Lardinois et al. 2003; Totté et al. 2003). Furthermore, this work showed that spray-drying was a cost-effective way of producing industrial-scale quantities of viable microorganisms and for long-term preservation of LAB starter cultures. The use of dried starter cultures could be of great benefit to the small-scale processing units in West Africa, considering the economic costs of and technical expertise required for production. A large majority of fermented cereal-based foods consumers in most West African countries are poor and disadvantaged, and as such, price, rather than food safety and quality, is their primary concern when purchasing food. In addition to economic considerations, the availability and the maintenance of the starter cultures could be suggested as another major factor; large quantities of starter cultures in active and pure forms are essential to the success of the fermentation stage of product manufacture. This can be achieved through the careful propagation of the inoculums. Propagation of starter cultures is time consuming, laborious, requires skilled personnel and is more prone to contamination, and necessitates significant investments in equipment (e.g., laboratory equipment, fermentors). Furthermore, contamination may occur during the process of culture production, which may result in poor growth of the LAB and defective products. Finally, dried starter cultures are easier to use and maintain, as they remain stable for up to two years (Brandt 2014).


Table 2: Predominant fermenting microorganisms of some cereal-based fermented foods from West Africa.



	Lactic acid bacteria and other microorganisms
	Source of isolation

	Raw material used

	References




	L. fermentum, L. reuteri and Candida spp., Saccharomyces spp.
	Kenkey or koko

	a

	Halm et al. 1993




	L. fermentum, L. reuteri, L. brevis
	Mawè

	a

	Hounhouigan et al. 1993




	P. acidilactici, W. confusa, L. fermentum, L. reuteri, L. salivarius, L. paraplantarum
	Fura

	b

	Owusu-Kharteng et al. 2012




	W confusa, L fermentum, L. salivarius, Pediococcus spp.
	Koko sour water

	c

	Lei and Jakobsen 2004; Adimpong et al. 2012




	L. plantarum
	Arraw, cere or cakry

	b

	Totté et al. 2003




	L. plantarum, L. pentosus, L. celibiosus, P. pentosaceus, L. mesenteroides
	Akamu

	c

	Nwachukwu et al. 2010




	L. acidophilus, L. delbrueckii, L, lactis, L. casei, L. fermentum, L. bulgaricus, L. plantarum
	 
	 
	Ekwem 2014




	L. plantarum 4.4, L. plantarum 6.1, L. fermentum 11.11.2, L. fermentum 3.7, L. fermentum 7.4
	Ben-saalga

	b

	Songré-Ouattara et al. 2008; Turpin et al. 2011




	L. plantarum and B. subtilis
	Kunun-zaki

	Sorghum or millet

	Inyang and Dabot 1997; Oguntoyinbo et al. 2011; Oguntoyinbo and Narbad 2012




	L. fermentum, L. plantarum, S. gallolyticus subsp, macedonicus, P. pentosaceus
W. confusa
	 
	 
	 



	L. fermentum, P. acidilactici, W. confusa
	Malted sorghum grains

	d

	Sawadogo-Lingani et al. 2010




	L. fermentum, W. confusa, L. mucosae, P. acidilactici and Kluyveromyces marxianus, Pichia anomala
	Gowé

	d

	Viera-Dalodé et al. 2007




	Lactococcus raffinolactis, Pediococcus sp., P. pentosaceus, L. plantarum, L. suebicus, L. brevis
	Ogi

	c

	Teniola et al. 2005

Teniola and Odunfa 2002




	L. plantarum, L. brevis, P. pentosaceus and B.subtilis, Candida valida, Candida krusei, Geotrichum candidum
	Ogi-baba

	d

	Oguntoyinbo et al. 2011




	L. plantarum, L. pantheris, L. vaccinostercus
	 
	 
	Odunfa and Adeyele 1985




	L. plantarum, S. lactis and C. krusei
	 
	 
	 




Notes: Data with the same letter within a column are identical.
Raw material used: (a) maize, (b) millet (c) millet, maize or sorghum (d) sorghum.


FACTORS ENABLING THE DEVELOPMENT OF DRIED LACTIC ACID STARTER CULTURES FOR CEREAL DOUGH FERMENTATION

Fermented cereal-based foods provide West African consumers with an affordable source of food and contribute to their food and nutritional security. Growing incomes and improved levels of education in urban centres across some West African countries are leading to changes in dietary habits and a wider variety of foods being consumed. As a result, fermented foods are no longer the main staples in many areas, but are still consumed as side dishes or condiments. Fermented foods offer many opportunities for diversification as a result of their global popularity; demand for many fermented cereal-based products is increasing worldwide, as they suit social and cultural culinary traditions in many parts of the world. Rural or urban dwellers are reassured that the product may be safer to consume than other food and beverages, as a result of fermentation. Increasing international travel due to globalisation has changed the eating habits of consumers across the globe. Moreover, export markets have expanded the potential consumer base for fermented foods beyond simply meeting the needs of developing countries. Markets catering to the growing international demand for niche and ethnic products are opening up as well. The need to assure the safety and quality of fermented food products for international consumers and the demand of West African consumers for safe, high-quality food have been driving forces for the development of agro-food processing companies in Africa. Several reviews have focused on the rapid evolution of the food-processing sector in West Africa (Trèche et al. 2002; Aworth 2008; Broutin & Subsol 2011). Small Agro-Food Industrial (SAFI) enterprises are positioned between the diffuse sector of the informal food processing micro-enterprises and the large-scale food industries. West African SAFI have evolved in tandem with the increasing urbanisation that is occurring in 15 West African countries [Economic Community Of West African States (ECOWAS 2014)] by their marginal food security and nutritional status. SAFI enterprises have two major functions, (1) to meet an increasing consumer demand for safe food products and (2) to improve the supply of nutritious food products that will aid in reducing public health problems, such as infant malnutrition, micronutrient deficiency and food safety. An increasing number of successful initiatives have been carried out in West Africa to improve the processing of fermented products. For example, in Senegal, Benin and Nigeria, millet, maize or sorghum requires short processing times, and products such as arraw, cacry, cere, kunun-zaki, mawé and ogi are now found in most markets and supermarkets in the form of vacuum-sealed packets (Trèche et al. 2002).

SELECTION CRITERIA OF DRIED LACTIC ACID BACTERIA STARTER CULTURES FOR CEREAL DOUGH FERMENTATION

Technological effectiveness must be considered when selecting LAB strains for cereal fermentation. Selection criteria for LAB depend on the desired characteristics of the final product, the desired metabolic activities, the characteristics of the raw materials and the applied technology.

Ability to Realise Fast Acidification and Production of Antimicrobial Compounds

Food preservation by lactic fermentation relies on the removal of fermentable carbohydrates, the consumption of oxygen, the formation of organic acids and a concomitant decrease in pH. The immediate and rapid production of sufficient quantities of organic acids to reduce pH below 4.0 within 24 h of fermentation is an essential requirement of fermented cereal-based foods (Hounhouigan et al. 1993, 1999; Annan et al. 2003; Viéira-Dalodé et al. 2008). Lactic acid bacteria microbial antagonism could be attributed to the production of organic acids, ethanol, diacetyl, hydrogen peroxide or carbon dioxide, alone or in combination, and could further result from the production of bacteriocins (De Vuyst & Vandamme 1994). The rapid production of these compounds may contribute to the inhibition of pathogenic or spoilage flora and thus enhance the shelf life and microbial safety of the fermented product (Omemu & Faniran 2011; Okerere et al. 2012; Ekwem 2014).

Ability to Dominate the Indigenous Microbiota

The ability of LAB to dominate the indigenous population during cereal dough fermentation is another important characteristic of a starter culture. The dominance of the starter culture would be exerted by its fast and predominant growth under fermentation conditions and/or its ability to produce antagonistic substances, such as bacteriocins. Huch et al. (2008) reported the use of molecular fingerprinting techniques e.g., Random Amplified Polymorphic DNA with Polymerase Chain Reaction (RAPD-PCR) and Pulsed-field Gel Electrophoresis (PFGE), to amplify the growth of a selected freeze-dried LAB starter culture during cassava fermentation for gari production.

Ability to Exert Probiotic Effects

Human trials to test the tangible physiological/health benefits of LAB present a difficult challenge. In vitro studies could be used to examine potential probiotic characteristics, such as antimicrobial properties and survival in acids and bile, as well as lactic acid, hydrogen peroxide, biosurfactant and bacteriocin production (Bayane et al. 2006; Anukam & Reid 2009). In addition to these characteristics, potential probiotic lactic acid bacteria should adhere to the epithelial tissue, colonise the GIT, stimulate a host immune response, influence metabolic activities such as vitamin production and compete with pathogenic microorganisms, thereby preventing their survival in the GIT (Kalui et al. 2010). Probiotic bacteria prevent growth of pathogenic microorganisms through competition, exclusion and the production of organic acid and antimicrobial compounds. Acid and bile tolerance are two fundamental properties that demonstrate the ability of probiotic microorganism to survive passage through the upper gastrointestinal tract.


Ability to Improve the Nutritional Quality of the Fermented Food

Millet, sorghum and maize have significant amounts of inositol hexaphosphates (IP6), referred to as phytic acid or phytates. Phytates have been recognised as antinutritional factors that affect the bioavailability of both major minerals, such as calcium and phosphorus, and trace minerals, such as zinc, iron, copper and manganese. In West African countries, the low bioavailability of minerals (e.g., iron and zinc) in cereal-based foods is a crucial problem for child nutrition (Camara & Amaro 2003). Other antinutrients of importance in cereal grains are tannins and α-galacto-oligo-saccharides (α-GOS) e.g., stachyose and raffinose. Decreasing the amount of phytic acid or tannins and metabolising stachyose or raffinose will be very helpful, due to their influence on the nutritional quality of cereal grains; thus, a phytase, α-galactosidase or tannase producing LAB will be useful during cereal dough fermentation. In addition to these characteristics, the ability of LAB strains to bind mycotoxin such as aflatoxin, which may form during the storage of cereal grains, could be explored.

Ability to Hydrolyse Starch

The use of amylolytic LAB to hydrolyse starch with the aim of increasing the energy density of cereal gruels could be explored (Songré-Ouattara et al. 2009). Amylolytic LAB may decrease the viscosity of bulk, starchy weaning gruel, which may improve nutrient density while maintaining an acceptable thickness for feeding young children (FAO/WHO 1995).

Ability to Have Good Stability during Production and Storage

The stability of dried LAB refers to its viability and metabolic activity (acidifying activity). The suitability of LAB starter cultures for large-scale production and their stability during drying and long-term storage are important criteria for starter culture selection (Yao et al. 2009a). Cultures must be able to withstand large-scale fermentation, drying and long-term storage in the dried form. Proper packaging for long-term storage of dried cultures is important. The dried culture should contain more than 95% dry matter and be stored at low temperature (4°C), vacuum-sealed, and protected from light and moisture to avoid loss of viability and metabolic activity (Yao et al. 2008, 2009b; Coulibaly et al. 2009). To achieve health benefits, probiotic bacteria should be viable in the range of approximately 106–107 cfu/g of product during consumption (Lamsal & Faubion 2009). Important factors such as pH, post-acidification, production of hydrogen peroxide, oxygen level, temperature, food matrix and interaction with the starter organisms affect LAB viability during refrigerated storage of fermented products (Dave & Shah 1997).

CONCLUSION AND FUTURE PROSPECTS

Lactic acid fermentation contributes to the safety, health, organoleptic, technological and nutritional properties of fermented cereal-based foods of West Africa. The challenges here relate to the stability, reproducibility and productivity of fermentations. L. fermentum, L. plantarum, L. salivarius, L. delbrueckii, L. amylolyticus, L. reuteri, L. paraplantarum, Lact. lactis, Leuc. mesenteroides, P. acidilactici, P. pentosaceus, Str. gallolyticus and W. confusa species have been identified in efforts to standardise the fermentation step. The use of LAB starter cultures has largely been restricted to laboratory applications and has not been transferred to industrial applications. Dried LAB starter cultures are easier to use and offer excellent possibilities for greater control over the fermentation process. The question “which starter culture technology for which production cost?” summarises the future directions for the application of dried starter cultures in West Africa. Careful selection of dried LAB starter cultures for cereal fermentation should take into account their ability to (1) realise fast acidification and produce antimicrobial compounds, (2) dominate the indigenous microbiota, (3) exert probiotic effects, (4) improve the nutritional quality of the fermented product, (5) hydrolyse starch, and (6) be stable during production and storage. To date, only a handful of studies have examined the health-related properties of West African fermented cereal-based foods and their potential use as probiotic foods. Fermented cereal-based foods offer opportunities to include probiotics, prebiotics and fibres into the diets of West African consumers (Lamsal & Faubion 2009). Millet, maize and sorghum grain represent examples of such opportunities. Cereal grain and cereal components could be used as probiotic carriers with the added advantage of providing healthful bioactive components and fibres. Furthermore, commitments to probiotics research and in vivo or in vitro trials of both identified and potential probiotic foods must be made and pursued, respectively.
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Abstrak: Oomycetes patogenik mempunyai keupayaan untuk menjangkiti banyak tumbuhan dan haiwan perumah. Saprolegniasis merupakan penyakit yang memberi kesan terhadap telur ikan dan ikan juvenil di pusat penetasan seluruh dunia, dan berpunca daripada oomycete patogenik Saprolegnia parasitica. Penyakit ini menunjukkan miselium berfilamen bertompok kelabu-putih di atas badan atau sirip ikan dan berkaitan dengan kerosakan tisu yang membawa kepada kematian haiwan tersebut. Dahulunya, saprolegniasis dikawal menggunakan Malachite green; namun demikian bahan kimia ini diharamkan pada tahun 2002 kerana kesan-kesan karsinogenik dan toksikologi. Akibat daripada ini, kebelakangan ini terdapat peningkatan saprolegniasis di industri akuakultur, yang membawa kepada kerugian ekonomik seluruh dunia. Maka, ada keperluan segera untuk mencari kaedah alternatif bagi mengawal patogen ini. Kami akan membincangkan penggunaan pendekatan molekular dalam kajian saprolegniasis, yang dijangka membolehkan perkembangan vaksin ikan yang berkesan dan potensi perkembangan kaedah baru untuk mengawal penyakit ini.

Kata kunci: Saprolegniasis, Saprolegnia parasitica, Oomycete, Patologi

Abstract: Pathogenic oomycetes have the ability to infect a wide range of plant and animal hosts and are responsible for a number of economically important diseases. Saprolegniasis, a disease affecting fish eggs and juvenile fish in hatcheries worldwide, is caused by the pathogenic oomycete Saprolegnia parasitica. This disease presents as greyish-white patches of filamentous mycelium on the body or fins of fish and is associated with tissue damage leading to death of the animal. Traditionally, saprolegniasis was controlled using Malachite green; however, this chemical was banned in 2002 due to its carcinogenic and toxicological effects. As a direct result of this ban, there has been a recent resurgence of saprolegniasis in the aquaculture industry, leading to economic losses world-wide. Hence, there is an urgent need to find alternative methods to control this pathogen. We discuss the use of molecular approaches for the study of saprolegniasis, which are anticipated to enable the development of effective fish vaccines and the potential for the development of new methods to control this devastating disease.

Keywords: Saprolegniasis, Saprolegnia parasitica, Oomycete, Pathology

INTRODUCTION

Traditionally, oomycetes have been classified in the kingdom Fungi due to their filamentous growth and other fungal-like characteristics; however, recent molecular and biochemical analysis have classified oomycetes within the group Stramenopiles, which includes kelp and diatoms (Kamou, 2003; Phillips et al. 2008). Oomycetes are divided into three subclasses, Saprolegniomycetidae, Rhipidiomycetidae and Peronosporomycetidae, all of which are able to infect a wide range of hosts, including economically important plants and vertebrate animals (van West 2006; Phillips et al. 2008). Fish and animal pathogenic oomycetes belonging to the order Saprolegniales of the subclass Saprolegniomycetidae contain three main genera, Saprolegnia, Achlya and Aphanomyces (van West 2006). Species within the genus Saprolegnia have been classified according to sexual and morphological characteristics; however, recent molecular characterisation of the ribosomal DNA (rDNA) repeat has demonstrated that Saprolegnia is a phylogenetically diverse genus (Molina et al. 1995; Ke et al. 2009). Recognisable Saprolegnia species include S. diclina, S. ferax, S. australis and S. parasitica (Molina et al. 1995; Hussein et al. 2001; Stueland et al. 2005; Dieguez-Uribeondo et al. 2007; Fernandez-Beneitez et al. 2008; Petrisko et al. 2008; Ke et al. 2009; Ghiasi et al. 2010).

S. parasitica represents a serious problem in the aquaculture growth industry (Molina et al. 1995; van West 2006; Phillips et al. 2008). Saprolegniasis caused by S. parasitica affects aquaculture broodfish and incubating eggs. It is estimated that 10% of all hatched salmon succumb to saprolegniasis, causing major financial loss in an industry accounting for approximately 30% of the global fish production for consumption (Molina et al. 1995; Murray & Peeler 2005; van West 2006; Fregeneda-Grandes et al. 2007; Phillips et al. 2008). The incidence of saprolegniasis extends to Asian tropical aquaculture systems where over 80% of fish produced by aquaculture comes from the area (Karunasagar et al. 2003). Malaysia is one of the largest producers of cultured fish, notably Seabass, through its immense expansion in cage aquaculture (Alongi et al. 2002). Though responsible for the decline in aquaculture fish populations, S. parasitica has also been found in natural populations of salmonids and other fresh water fish species, and it is endemic to all fresh water habitats across the globe (van West 2006). Until 2002, S. parasitica was kept under control through the use of Malachite green; however, due to its carcinogenic and toxicological effects, treatment with this chemical has been banned internationally (Torto-Alalibo et al. 2005; van West 2006; Fugelstad et al. 2009; Robertson et al. 2009). To develop effective controls, it is necessary to better understand the molecular and physiological pathways underlying the development, pathogenicity and host specificity of saprolegniasis.

The asexual life stages of S. parasitica are responsible for saprolegniasis (Andersson & Cerenius 2002; Robertson et al. 2009). Sporulation is induced when there is a local decrease in nutrients, and asexual sporangia are induced to form on the hyphal tips apically releasing biflagellate, motile, and primary zoospores that disperse and in some cases may cause primary infection of host fish (Torto-Alalibo et al. 2005; van West 2006; Robertson et al. 2009). Primary zoospores may also encyst on a host, forming primary cysts and subsequently laterally releasing biflagellate, highly motile, secondary zoospores (Torto-Alalibo et al. 2005; van West 2006; Robertson et al. 2009). Secondary zoospores are considered the infective stage of S. parasitica and will encyst on host fish and form secondary cysts that will release the next generation of laterally biflagellate zoospores (Torto-Alalibo et al. 2005; van West 2006; Robertson et al. 2009). The formation of subsequent generations of secondary zoospores is thought to be the result of non-specific stimuli (i.e., mechanical or physical) and has been reported to occur for up to six generations, a process known as repeated zoospore emergence (RZE), or polyplanetism (Dieguez-Uribeondo et al. 1994; Torto-Alalibo et al. 2005; van West 2006; Robertson et al. 2009). In fish eggs, saprolegniasis is characterised by abundant mycelial growth on cells, resulting in death, whereas in adult fish, S. parasitica invades epidermal tissues beginning with the head or fins and spreading over the entire surface of the body (van West 2006) (Fig. 1).


[image: art]

Figure 1: Juvenile salmon infected with S. parasitica. The inflamed area beneath the pectoral fin indicates the area of infection.



While the parasitic lifecycle of S. parasitica has been well described, little is known about the molecular pathways underlying parasitism (van West 2006). Functional genomics and proteomic approaches for studying saprolegniasis in S. parasitica are anticipated to aid in the discovery of control strategies for the early detection of saprolegniasis and development of intervention strategies (van West 2006; van West et al. 2010; Secombes 2011). The complementary identification of genes and proteins involved in the immune response to diseased host fish infected with S. parasitica may provide an understanding of how to prevent saprolegniasis and ultimately control the spread of this pathogen, increasing fish health and reducing disease losses in aquaculture and natural fresh water populations (Torto-Alalibo et al. 2005; van West 2006; Fregeneda-Grandes et al. 2007; Secombes 2011).


Genomic Approaches to Understanding Saprolegniasis Provides a Framework for Developing Controls for S. parasitica

Profiling the expression of genes associated with the infective stages of S. parasitica will provide a framework for the development of new control strategies. Torto-Alalibo et al. (2005) identified a series of expressed sequence tags (ESTs) in S. parasitica. A total of 1510 ESTs were identified consisting of 1279 unique sequences. Approximately half of the consensus sequences showed similarity to known protein and protein motifs, providing a genetic “snapshot” of the biology and pathology of S. parasitica. Torto-Alalibo et al. (2005) found a total of 70 cDNA-encoded proteins potentially secreted into the extracellular matrix, an essential mechanism for the delivery of virulence factors by eukaryotic pathogens such as S. parasitica. These proteins are known as effector proteins (van West et al. 2010), the characterisation of which can aid in the development of vaccines targeting key regulatory pathways during the infectious stages of the S. parasitica – host fish interaction. Effector proteins are secreted by pathogens during host-pathogen interactions, enabling the infection and suppression of host defences; however, little is understood of how these effector proteins are translocated into host cells (Grouffaud et al. 2010; van West et al. 2010). Van West et al. (2010) identified the open reading frame (ORF) Sphtp1 (S. parasitica host targeting protein 1) gene, which encodes the putative R×LR (Arginine – × – Leucine – Arginine where × represents any amino acid) effector protein SpHtp1 that is translocated into fish cells from S. parasitica. The SpHtp1 protein is expressed during the pre-infection and early infection stages of S. parasitica, indicating a role in saprolegniasis (van West et al. 2010). In oomycetes, translocation depends on the N-terminal region having the core-conserved motif R×LR, which in some cases is followed by a less well-conserved EER (Glutamic acid – Glutamic acid – Arginine) sequence within 30 amino acids of the C terminus (Grouffaud et al. 2010). The R×LR motif described by van West et al. (2010) in S. parasitica is conserved across many oomycetes including Phytophthora infestans, an oomycete pathogen responsible for late blight potato disease (Birch et al. 2006; Grouffaud et al. 2010; van West et al. 2010). The conserved R×LR motif also resembles the host-cell targeting signal found in virulence proteins in the malaria parasite Plasmodium falciparum (R×L×E/D/Q) (Grouffaud et al. 2010; van West et al. 2010), maintaining the significance of effector protein translocation during host-pathogen interactions for enabling the infection and suppression of host defences in S. parasitica. The identification of conserved R×LR motifs in effector proteins suggested to be involved in the pathology of the S. parasitica – host fish interaction can confirm the nature of the translocation of these proteins into host fish cells, and their subsequent characterisation would allow for a better understanding of their function during saprolegniasis.

A potential gene interference target for the control of Saprolegnia may include cellulose binding domain (CBD) proteins. CBD proteins may have an endogenous function in cell wall biogenesis as cellulose is a major component of the cell wall in oomycetes. Suppression of CBD proteins could offer a point of control for S. parasitica. Torto-Alalibo et al. (2005) identified the fungal-type I CBD protein as being highly diverse amongst S. parasitica and other oomycetes. Type I CBD was found to contain a core of four conserved cysteines and aromatic residues known to bind the cellulose substrate, supporting its role in oomycete cell wall biogenesis (Torto-Alalibo et al. 2005). Targets for gene interference must, by definition, be highly specific to pathogens and not hosts. Fugelstad et al. (2009) identified and characterised putative cellulose synthase genes (CesA) in S. monoica (SmCesA), which was likely to be involved in the cellulose biosynthesis of the cell wall. SmCesA is the first of the CesA genes to be described in Saprolegnia, and it was found to be orthologous to the CesA gene in Phytophthora species by Southern blot analysis (Fugelstad et al. 2009). The conservation of the CesA genes across the S. monoica and Phytophthora species suggests the presence of SmCesA in other Saprolegnia species including S. parasitica. Furthermore, Fugelstad et al. (2009) found that in the presence of cellulose synthesis, the inhibitors 2,6-dichlorobenzonitrile (DCB) and Congo Red (CR) affect the cellulose biosynthesis process of S. monoica, inhibiting mycelial growth and leading to a compensation mechanism with increased expression of the CesA genes. Similar studies of the presence of CesA genes in S. parasitica and their involvement in cellulose biosynthesis and subsequent mycelial growth may lead to an understanding of the role cellulose biosynthesis plays in S. parasitica – host fish saprolegniasis. The development of small molecules that interfere with the function of CesA genes could provide a potential alternative for the control of saprolegniasis.

Because sporulation and the formation of subsequent generations of secondary zoospores are important to the infection process, the analysis of the molecular mechanisms underlying the sporulation, encystment and germination of S. parasitica zoospores can provide a framework for the development of controls for saprolegniasis. S. parasitica Puf1 is homologous to a family of RNA binding proteins named the Pumilio (Puf) family (Andersson & Cerenius 2002), and proteins of the Puf family play an important role in developmental regulation. The expression of Puf1 was discovered to be induced upon encystment and during the late stages of sporulation; however, it is lost when S. parasitica undergoes germination. Andersson and Cerenius (2002) identified puf1 as a cyst-specific transcript that is initiated immediately after the signal to encyst is received and lost when the cyst is preparing to release a new zoospore or germinate. The authors argue the possible role of puf1 as a posttranscriptional regulator that maintains the undetermined cyst stage or regulates mRNA turnover upon germination or zoospore release. Puf1 makes an interesting target for future developmental studies.

The Immunoregulatory Response of S. parasitica Infected Host Fish

In any host pathogen system, it is advantageous to consider not only the pathogen but also the host response. Studies focusing on the immunoregulatory response of host fish to infection by S. parasitica can be used to identify protective mechanisms needed for saprolegniasis resistance, and pathways in the host fish immune response that must be triggered to allow for effective vaccination. Roberge et al. (2007) conducted a genome-wide survey of the gene expression response in particularly vulnerable juvenile Atlantic salmon (Salmo salar) exposed to Saprolegnia. By using a 16,006-gene salmonid cDNA microarray, Roberge et al. (2007) identified 430 cDNA genes with modified transcription levels in S. salar exposed to Saprolegnia. From the 430 cDNA genes observed, 25 for which the transcription levels were the highest were identified, and 24 were over-expressed genes encoding several acute phase proteins. Thus, it appears that salmon infected with Saprolegnia undergo an acute phase response. The other genes found to be over-expressed suggest the expression of proteins involved in facilitating the transmigration of leucocytes. It is interesting to note that Tob-1 and B-cell translocation gene 1 were both under-expressed, enabling T cell proliferation and the release of cytokines involved in the immunoregulatory response of infected salmon, contradicting previous studies (Roberge et al. 2007). Further studies need to focus on specific genes with modified transcription levels during saprolegniasis to identify and characterise their role in the immune response.

Saprolegniasis leads to the epidermal destruction and macrophage recruitment of infected host fish. Kales et al. (2007) studied the cellular response of the rainbow trout monocyte/macrophage cell line RTS11 exposed to S. parasitica as macrophages play a significant role in the initial immune response of fish during saprolegniasis (Kales et al. 2007). Within the first 48 hours of exposure to S. parasitica, host macrophages displayed chemotaxis, adherence and homotypic aggregation (HA) toward live and heat-killed spores and mycelium. Because the spore size of S. parasitica ranges from ~10–20 μm and trout macrophages generally measure between 7 and 15 μm, there will be a certain proportion of spores that cannot be physically engulfed by macrophages during phagocytosis. In addition, Kales et al. (2007) observed changes in the gene expression profile of the RTS11 cell line exposed to S. parasitica by utilising reverse transcriptase (RT)-PCR. The class I major histocompatibility (MH) II receptor and its chaperone, the invariant chain, was down regulated, while genes encoding inducible cyclooxygenase (COX-2), interleukin-1β (IL-1β) and tumour necrosis factor alpha (TNFα) were strongly up regulated. Down regulation of the MH II receptor and the invariant chain indicates a role in immunosuppression during infection, a form of immune system evasion for the pathogen, as the MH II receptor is critical for the recognition of exogenous antigens including S. parasitica (Kales et al. 2007). Furthermore, S. parasitica produces arachidonic acid, the direct precursor of eicosanoids, which down regulates the macrophage activity in fish, providing evidence of MH II down regulation (Kales et al. 2007). COX-2 converts arachidonic acid into prostaglandin, an eicosanoid; therefore, the authors suggest that the up-regulation of COX-2 may be a response to excess arachidonic acid. Future studies directing attention to the expression of specific genes in RTS11 and other cells involved in immune response are required to better understand the immunoregulatory pathways in fish.

Studies concerning the production of specific antibodies involved in the immunoregulatory response of host fish infected with saprolegniasis can aid in vaccine development and the early detection of S. parasitica. Fregeneda-Grandes et al. (2007) injected brown trout (Salmo trutta) with antigen extracts from pathogenic S. parasitica and detected specific serum antibodies produced in response to saprolegniasis. Enzyme-linked immunosorbent assay (ELISA), immunofluorescence (IF), and Western blotting (WB) analyses were used to analyse the presence of serum antibodies, and antibodies were detected in 66.7%, 54.5% and 48.5% of the serum samples, respectively, for each of the three techniques. The production of specific antibodies in S. trutta in response to antigen extracts from S. parasitica can therefore be detected by standard immunological techniques. Recently, Fregeneda-Grandes et al. (2009) further analysed the prevalence of serum antibodies directed against S. parasitica in wild and farmed S. trutta using ELISA. S. trutta samples were taken over a two-year period in the months of January, April and August. Though there was no significant difference found in the prevalence of serum antibodies detected based on the time of year, these authors found a positive correlation between the level of serum antibodies produced and larger (older) fish. This finding indicates a positive correlation with age and an increased immune response in fish exposed to S. parasitica. S. trutta in both natural and wild populations were able to produce specific serum antibodies in response to exposure to Saprolegnia; however, the authors commented that the low number of serum antibodies produced may be indicative of immune suppression by S. parasitica (Kales et al. 2007; Fregeneda-Grandes et al. 2009). Future studies characterising antigen production are required to better understand the specific immune response in Saprolegnia infected fish.

CONCLUSION

Since the international ban of Malachite green in 2002, the need to develop alternative methods for the control of saprolegniasis has become increasingly urgent. Genomic and proteomic studies of S. parasitica and other pathogenic oomycetes have provided an excellent resource for studying the molecular processes underlying saprolegniasis. Furthermore, the complementary identification of genes and proteins involved in the immune response of diseased host fish infected with saprolegniasis will provide an understanding of how to prevent saprolegniasis and ultimately control the spread of S. parasitica. Future studies of the molecular processes underlying saprolegniasis in S. parasitica – host fish interactions will undoubtedly increase our knowledge and understanding of the pathology of S. parasitica, enabling the development of effective fish vaccines and early detection of S. parasitica creating an alternative method for controlling saprolegniasis. Controlling saprolegniasis is necessary to ensure continued growth in the aquaculture industry, notably in Asian tropical aquaculture systems where over 80% of fish produced by aquaculture come from the area. For an industry that accounts for approximately 30% of the global production of fish for consumption, it is important to continue studying the underlying molecular processes of saprolegniasis in S. parasitica – host fish interactions.
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Abstrak: Kajian variasi corak peruratan daun telah dijalankan terhadap 21 takson daripada genus Ficus di Semenanjung Malaysia. Hasil menunjukkan kehadiran lapan corak peruratan daun berdasarkan percabangan urat, peruratan tepi dan tengah lamina daun. Majoriti spesies seperti F. annulata, F. benghalensis, F. benjamina, F. deltoidea var. angustifolia, F. deltoidea var. kunstleri, F. depressa, F. elastica, F. hispida, F. microcarpa, F. religiosa, F. tinctoria, F. ucinata dan F. vasculosa menunjukkan urat bercabang tiga. Corak lain hadir seperti berikut: urat bercabang dua pada F. aurata dan F. heteropleura; urat bercabang satu pada F. lepicarpa, F. schwarzii dan F. superba; dan urat ringkas pada F. aurantiacea dan F. fulva. F. sagittata menunjukkan tiada percabangan yang hadir untuk tengah lamina. Kehadiran trakeid atau urat membengkak pada bahagian tengah lamina dan kehadiran sel sistolit serta trikom merupakan ciri anatomi sepunya yang boleh membantu dalam pengkelasan kumpulan spesies kajian. Variasi corak peruratan daun bukan sahaja mempunyai nilai dalam mengenal pasti kumpulan takson, malah boleh juga digunakan untuk membezakan antara spesies dalam genus Ficus.

Kata kunci: Moraceae, Ficus, Peruratan Daun, Anatomi Daun

Abstract: A study on the variation of leaf venation patterns was conducted on 21 taxa of the genus Ficus in Peninsular Malaysia. The results showed the existence of eight leaf venation patterns based on veinlets, the ultimate marginal and areolar venation. The majority of species, such as F. annulata, F. benghalensis, F. benjamina, F. deltoidea var. angustifolia, F. deltoidea var. kunstleri, F. depressa, F. elastica, F. hispida, F. microcarpa, F. religiosa, F. tinctoria, F. ucinata and F. vasculosa, show tri-veinlets. The others exhibit the following: bi-veinlets in F. aurata and F. heteropleura; uni-veinlets in F. lepicarpa, F. schwarzii and F. superba; and simple veinlets in F. aurantiacea and F. fulva. F. sagittata presents no veinlets for areolar venation. The presence of tracheid or swollen veins at the centre of the lamina and the presence of cystolith cells and trichomes are common anatomical characteristics that could assist in group classification of the studied species. Variations in leaf venation patterns are not only valuable in identifying a taxon group, but can also be used to differentiate between species in the genus Ficus.

Keywords: Moraceae, Ficus, Leaf Venation, Leaf Anatomy

INTRODUCTION

Ficus (figs) belongs to the Moraceae family and is one of the largest angiosperm genera, with approximately 1000 species worldwide (Berg 1990) distributed throughout tropical and subtropical areas of Asia, Australia, Africa and America. Frodin (2004) has ranked this genus as one of the 21 largest genera of seed plants. The Malaysian forest is extremely rich in Ficus species, with approximately 16% (101) of known species (Ng 1978). With regard to growth habit, Harrison (2005) considers this genus as one of the most diverse. Ficus includes a large number of indoor ornamental plants and garden and roadside trees, such as F. religiosa, F. elastica and F. microcarpa. The genus is easy to identify by the highly characteristic fruits, or syconia, and also by the milky juice, the prominent stipules that leave a scar after abscission and the minute unisexual flowers often arranged on variously shaped receptacles (Hutchinson & Dalziel 1958). However, some species do not bear syconia, and their morphological characteristics are similar, contributing to difficulty in species identification, especially in the field.

Anatomical studies of leaf venation have shown that ornamentation of the veins and the course of traces in the lamina are useful additional characters for the identification of species of Euphorbia (Sehgal & Paliwal 2008). Dede (1962) also described the foliar venation patterns in Rutaceae, proving them to be useful for the identification of various species. Hickey (1973) stated that leaf venation is correlated with plant evolution and has systematic significance in plant identification and classification. Indeed, leaf venation plays a very important role in the identification of incomplete plants, e.g., sterile specimens, archaeological remains and fragmentary fossils of non-reproductive organs. The objective of this study was to determine the patterns of variation in leaf venation that may have taxonomic value for group identification of this taxon.

MATERIALS AND METHODS

A total of 21 taxa of the genus Ficus were used in this study. Details of the species studied are presented in Table 1. The fresh specimens used in this study were obtained from many locations in Malaysia, including several forest reserves in Selangor, Terengganu and Perak. Dried specimens were obtained from the Herbarium of Universiti Kebangsaan Malaysia (UKM). The fresh leaf specimens collected were fixed in AA (70% ethanol:30% acetic acid in ratio of 1:3); the dried herbarium samples were boiled. A 1 × 1 cm sample of the leaf lamina and margin area were cleared using Basic Fuchsin solution (10% Basic Fuchsin and 10% KOH, Bendosen Laboratory, Selangor, Malaysia) in an oven at 60ºC for 1 to 2 days, depending on the thickness of the leaf specimen. The cleared leaf specimens were then dehydrated in an alcohol series, cleared in xylene and mounted on slides using Canada Balsam (R&M Chemical, Essex, UK); the samples were then placed in an oven at 60ºC for nearly 2 weeks. The slides were photographed using a digital camera (Olympus BX43F, Tokyo) mounted on an Olympus microscope (Olympus Soft Imaging Solutions GmbH, Münster, Germany). The leaf venation patterns were observed using Cell B Software (Olympus Soft Imaging Solutions GmbH, Münster, Germany) under 10×, 20×, 40× and 100× magnifications. Details of the analysis and descriptions of the leaf venation types followed the classification of Hickey (1973).


Table 1: List of Ficus specimens and taxa studied.



	Species
	Collector, collection number

	Locality

	Date of collection




	F. annulata Blume
	A. Hussin, AH 16
	Bukit Lagong, FRIM Kepong, Selangor
	04.04.2012




	A. Zainuddin, AZ 04390
	Endau, Johor
	10.03.1988




	A. Zainuddin, AZ 6794
	Kuala Berang, Terengganu
	01.06.2000




	



	F. aurantiacea Griff. var. aurantiacea
	B. Ummu-Hani, UHB 05
	Recreational Forest of Sungai Salu, Perak
	10.11.2011




	B. Ummu-Hani, UHB 15
	Batu Berangkai, Kampar, Perak
	13.11.2011




	A. Zainuddin, AZ 4665
	Km 87, road to Dungun from Kuantan
	15.08.1993




	



	F. aurata Miq.
	B. Ummu-Hani, UHB 35
	Bukit Bauk, Terengganu
	06.03.2012




	B. Ummu-Hani, UHB 64
	Bukit Chini, Pahang
	31.10.2012




	B. Ummu-Hani, UHB 65
	Gumum, Chini, Pahang
	31.10.2012




	F. benghalensis L.
	A. Hussin, AH 24
	Road to Rawang, Selangor
	04.04.2012




	F. benjamina L.
	A. Hussin, AH 01
	Bukit Rawang, Selangor
	03.03.2012




	B. Ummu-Hani, UHB 02
	Section 15, Bangi, Selangor
	20.10.2011




	B. Ummu-Hani, UHB 30
	Section 10, Bangi, Selangor
	21.02.2012




	



	F. deltoidea Jack var. angustifolia (Miq.) Corner
	B. Ummu-Hani, UHB 58
	Lata Tembakah, Recreational Forest, Terengganu
	12.07.2012




	A. Hussin, AH 07
	Teluk Senangin, Perak
	31.03.2012




	



	F. deltoidea Jack var. kunstleri (King) Corner
	B. Ummu-Hani, UHB 01
	Herb Garden, UKM, Selangor
	20.10.2011




	B. Ummu-Hani, UHB 27
	Chemerong, Recreational Forest, Terengganu
	18.02.2012




	A. Latiff, ALM 1899
	Jeli, Kelantan
	28.09.1986




	



	F. depressa Blume
	B. Ummu-Hani, UHB 07
	Batu Berangkai, Kampar, Perak
	11.11.2011




	M. Kassim, MK 315
	Batu 20, Kuala Selangor, Selangor
	05.10.1972




	



	F. elastica Roxb. ex Hornem
	B. Ummu-Hani, UHB 21
	Road to PUSANIKA Building, UKM, Selangor
	31.12.2012




	B. Ummu-Hani, UHB 24
	Herb Garden, UKM, Selangor
	21.02.2012




	B. Ummu-Hani, UHB 31
	Road to Science Nuclear Building, UKM, Selangor
	21.02.2012




	



	F. fulva Reinw. ex Blume
	B. Ummu-Hani, UHB 12
	Batu Berangkai, Kampar, Perak
	13.11.2011




	B. Ummu-Hani, UHB 71
	Recreational Forest, Hulu Bendul, Negeri Sembilan
	07.11.2012




	



	F. lepicarpa Blume
	B. Ummu-Hani, UHB 26
	Chemerong, Recreational Forest, Terengganu
	18.02.2012




	B. Ummu-Hani, UHB 17
	Batu Berangkai, Kampar, Perak
	13.11.2011




	A. Zainuddin, AZ 5466
	Pulau Tioman, Rompin
	28.04.1995




	



	F. heteropleura Blume
	A. Hussin, AH 26
	Road of Balau, FRIM, Kepong, Selangor
	04.04.2012




	B. Ummu-Hani, UHB 69
	Chini, Pahang
	07.11.2012




	A. Zainuddin, AZ 4709
	Bukit Wang, Jitra, Kedah
	23.10.1993




	



	F. hispida L.f.
	A. Hussin, AH 02
	Bukit Rawang, Selangor
	03.04.2012




	B. Ummu-Hani, UHB 48
	Clinic Desa Matang, Perak
	26.04.2012




	B. Ummu-Hani, UHB 50
	Hulu Matang, Perak
	24.06.2012




	



	F. microcarpa L.f.
	A. Hussin, AH 23
	Road to Bukit Lagong, FRIM Kepong, Selangor
	04.04.2012




	B. Ummu-Hani, UHB 25
	Rintis Alsophila, Taman Paku-Pakis, FST, UKM, Selangor
	21.02.2012




	B. Ummu-Hani, UHB 32
	Rintis Cibotium, Taman Paku-Pakis, FST, UKM, Selangor
	21.02.2012




	



	F. religiosa L.
	A. Hussin, AH 04
	Bukit Rawang, Selangor
	03.04.2012




	B. Ummu-Hani, UHB 18
	Sungai Tangkas, Kajang, Selangor
	31.12.2011




	B. Ummu-Hani, UHB 29
	Sungai Haji Dorani, Sabak Bernam, Selangor
	20.02.2012




	



	F. sagittata Vahl
	A. Hussin, AH 19
	Road to Bukit Lagong, FRIM Kepong, Selangor
	04.04.2012




	B. Ummu-Hani, UHB 38
	Bukit Bauk, Terengganu
	06.03.2012




	B. Ummu-Hani, UHB 63
	Sungai Rumput, Gombak, Selangor
	24.12.2012




	



	F. schwarzii Koord.
	A. Hussin, AH 18
	Road to Bukit Lagong, FRIM, Kepong, Selangor
	04.04.2012




	B. Ummu-Hani, UHB 10
	Batu Berangkai, Kampar, Perak
	13.11.2011




	B. Ummu-Hani, UHB 28
	Chemerong Recreational Forest, Terengganu
	18.02.2012




	



	F. superba (Miq.) Miq.
	A. Hussin, AH 10
	Road to Bukit Lagong, FRIM, Kepong, Selangor
	04.04.2012




	M. Kassim, MK 524
	UKM, Bangi, Selangor
	05.10.1989




	A. Latiff, ALM 2658
	Pulau Aur, Mersing, Johor
	25.01.1988




	



	F. tinctoria G. Forst
	A. Hussin, AH 15
	FRIM, Kepong, Selangor
	02.04.2012




	A. Zainuddin, AZ 5901
	Pulau Tinggi, Mersing, Johor
	08.11.1995




	



	F. ucinata (King) Becc.
	A. Hussin, AH 06
	Bukit Rawang, Selangor
	03.04.2012




	



	F. vasculosa Wall. ex Miq.
	A. Hussin, AH 22
	Road to Bukit Lagong, FRIM, Kepong, Selangor
	04.04.2012




	A. Zainuddin, AZ 5480
	Pulau Tioman, Pahang
	29.04.1995




	A. Zainuddin, AZ 3886
	Bukit Bauk, Terengganu
	20.10.1991






RESULTS

The leaf venation patterns are described below with illustrations. The comparison and identification of the studied taxa based on their leaf venation patterns are shown in Tables 2 and 3.

Table 2: Comparison of leaf venation patterns in selected taxa of the genus Ficus.
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Notes: + present; – absent


Table 3: Identification of taxa studied based on leaf venation.



	Patterns of leaf venation

	Description

	Species




	1

	Complete ultimate marginal venation
Closed areolar venation
No veinlets

	F. sagittata




	2

	Incomplete ultimate marginal venation
Closed areolar venation
Simple veinlets

	F. aurantiacea var. aurantiacea
F. fulva




	3

	Incomplete ultimate marginal venation
Incomplete areolar venation
Uni-veinlets

	F. schwarzii




	4

	Complete ultimate marginal venation
Closed areolar venation
Uni-veinlets

	F. superba




	5

	Incomplete ultimate marginal venation
Closed areolar venation
Uni-veinlets

	F. lepicarpa




	6

	Complete ultimate marginal venation
Incomplete areolar venation
Bi-veinlets

	F. aurata
F. heteropleura




	7

	Incomplete ultimate marginal venation
Incomplete areolar venation
Tri-veinlets

	F. annulata
F. deltoidea var. angustifolia
F. hispida
F. tinctoria
F. ucinata
F. vasculosa




	8

	Complete ultimate marginal venation
Incomplete areolar venation
Tri-veinlets

	F. benghalensis
F. benjamina
F. deltoidea var. kunstleri
F. depressa
F. elastica
F. microcarpa
F. religiosa





Ultimate marginal venation: Two types of ultimate marginal venation were observed. Type 1: Incomplete venation was present in F. annulata, F. aurantiacea var. aurantiacea, F. deltoidea var. angustifolia, F. fulva, F. hispida, F. lepicarpa, F. schwarzii, F. tinctoria, F. ucinata and F. vasculosa [Fig. 1(a–j)]. Type 2: complete venation was observed in F. aurata, F. benghalensis, F. benjamina, F. deltoidea var. kunstleri, F. depressa, F. elastica, F. heteropleura, F. microcarpa, F. religiosa, F. sagittata and F. superba, [Fig. 1(k) and (l), Fig. 2(a–i)].
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Figure 1: Ultimate marginal venation. In-complete venation; a) F. annulata; b) F. aurantiacea; c) F. deltoidea var. angustifolia; d) F. fulva; e) F. hispida; f) F. lepicarpa; g) F. schwarzii; h) F. tinctoria; i) F. ucinata; j) F. vasculosa. Complete venation; k) F. aurata; l) F. benghalensis.
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Figure 2: Ultimate marginal venation. Complete venation; a) F. benjamina; b) F. deltoidea var. kunstleri; c) F. depressa; d) F. elastic; e) F. heteropleura; f) F. microcarpa; g) F. religiosa; h) F. sagittata; i) F. superba.



Areolar venation: Two types of areolar venation were present. For Type 1, the majority of species showed incomplete-ending veinlets, including F. annulata, F. aurata, F. benghalensis, F. benjamina, F. deltoidea var. angustifolia, F. deltoidea var. kunstleri, F. depressa, F. elastica, F. heteropleura, F. hispida, F. microcarpa, F. religiosa, F. schwarzii, F. superba, F. tinctoria, F. ucinata and F. vasculosa [Fig. 3(a–i), Fig. 4(a–h)]. For Type 2, the majority presented closed venation, such as in F. aurantiacea var. aurantiacea, F. fulva, F. lepicarpa and F. sagittata [Fig. 4(i–l)].
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Figure 3: Areolar venation. Incomplete venation; a) F. annulata; b) F. aurata; c) F. benghalensis; d) F. deltoidea var. angustifolia; e) F. deltoidea var. kunstleri; f) F. depressa; g) F. elastic; h) F. heteropleura; i) F. hispida.



Veinlets: Five types of veinlet ending were observed. Type 1: no veinlets were observed in F. sagittata [Fig. 5(a)]. Type 2: Simple veinlets consisting of linear to curved endings, as observed in F. aurantiacea var. aurantiacea and F. fulva [Fig. 5(b) and (c)]. Type 3 comprises uni-veinlets, as in F. lepicarpa, F. schwarzii and F. superba [Fig. 5(d)]. Type 4 presents bi-veinlets or dichotomous, which was present in F. aurata and F. heteropleura [Fig. 5(e)]. Type 5, tri-veinlets, was present in F. annulata, F. benghalensis, F. benjamina, F. deltoidea var. angustifolia, F. deltoidea var. kunstleri F. depressa, F. elastica, F. hispida, F. microcarpa, F. religiosa, F. tinctoria, F. ucinata and F. vasculosa [Fig. 5(f)].
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Figure 4: Areolar venation. Incomplete venation; a) F. benjamina; b) F. microcarpa; c) F. religiosa; d) F. schwarzii; e) F. tinctoria; f) F. ucinata; g) F. superba; h) F. vasculosa. Closed venation; i) F. aurantiacea; j) F. fulva; k) F. lepicarpa; l) F. sagittata.
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Figure 5: Areolar venation. Veinlet endings; a) nil or no veinlet; b and c) simple veinlets, linear to curve endings; d) uni-veinlets; e) bi-veinlets; f) tri-veinlets.



Swollen-ending veinlets: Swollen veinlet ending was present in some Ficus species, such as F. annulata, F. benghalensis, F. benjamina, F. depressa, F. elastica, F. heteropleura, F. microcarpa, F. sagittata and F. superba [Fig. 6(c)]. Cystolith cell: The majority of the species contain a cystolith cell, except for F. aurata and F. fulva [Fig. 6(a) and (b)]. Trichomes: The trichomes are simple and unicellular in some taxa, such as F. aurantiacea var. aurantiacea, F. aurata, F. benghalensis, F. fulva, F. hispida, F. lepicarpa, F. sagittata and F. superba [Fig. 6 (d)].

DISCUSSION

Plant leaves are determinate structures responsible for primary productivity and arise as swellings on the flanks of the shoot apex in accordance with a specific phyllotactic pattern (Fosket 1994). All the main functions of the leaf (light harvesting, gas exchange, water transport and distribution of photosynthate) depend upon the architecture, which is defined as the position and form of all the elements that constitute the outward-expressed structure of the organ (Hickey 1988). One such architectural element is the arrangement of the veins of the lamina, which is referred to as the venation pattern (for a recent review, see Nelson & Dengler 1997). Although there are numerous studies on the leaf vasculature of higher plants, very little is known about venation pattern formation. In fact, there is a rich diversity of venation patterns in both monocotyledonous (Inamdar et al. 1983) and dicotyledonous plants (Hickey 1973).
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Figure 6: Areolar venation; a and b) cystolith cells; c) swollen veinlets; d) trichome.



Leaf venation can be classified into some characters or patterns that may have taxonomic value for the identification and classification of species, including veinlets, ultimate marginal venation, areolar venation and areolation shape (Hickey 1973; Sehgal & Paliwal 2008). In this study, two types of ultimate marginal venation were observed. Type 1 is incomplete ultimate marginal venation, consisting of freely ending veinlets directly adjacent to the margin (Fig. 1). Type 2 is complete ultimate marginal venation, which refers to higher vein orders fused into a vein running just inside the margin (Figs. 1 and 2). Areolar venation is the smallest area of the leaf tissue surrounded by veins, which taken together forms a contiguous field over most of the area of the leaf. Findings have shown that there are two types of areolar venation: Type 1, for which the majority of the leaf venation consists of incomplete ending veinlets (Figs. 3 and 4); Type 2, largely showing closed venation (Fig. 4).

Veinlets are the freely ending ultimate veins of the leaf and veins of the same order that occasionally cross the aeroles to become connected distally. Hickey (1973) stated that the main characteristics of veinlets are divided into three types, namely, no veinlets, simple without branches and branches giving rise to ramifications by dichotomising, i.e., uni-veinlets, bi-veinlets and tri-veinlets. Based on Hickey’s (1973) classification, all 21 taxa of Ficus studied can be classified into 8 leaf venation patterns (see Tables 2 and 3). Pattern 1 consists of species with no veinlets, closed areolar venation and complete ultimate marginal venation (F. sagittata). Pattern 2 has simple veinlets that are either linear or curved veinlet and closed areolar and incomplete ultimate marginal venation (F. aurantiacea var. aurantiacea and F. fulva). Patterns 3, 4 and 5 consist of uni-veinlets that are different in areolar and ultimate marginal venation and incomplete in both areolar and ultimate marginal venation, as in F. schwarzii (Pattern 3), and incomplete areolar and complete ultimate marginal venation, as in F. superba (Pattern 4); Pattern 5 is with closed areolar and incomplete ultimate marginal venation, as in F. lepicarpa. Pattern 6 is branched-ending veinlets in two or bi-veinlets and incomplete areolar and complete ultimate marginal venation, as present in F. aurata and F. heteropleura. Patterns 7 and 8 comprise tri-veinlets and incomplete areolar venation, but both are different in ultimate marginal venation, which is incomplete in F. annulata, F. deltoidea var. angustifolia, F. hispida, F. tinctoria, F. ucinata and F. vasculosa (Pattern 7) while complete in F. benghalensis, F. benjamina, F. deltoidea var. kunstleri, F. depressa, F. elastica, F. microcarpa and F. religiosa (Pattern 8) (Tables 2 and 3).

Dilcher (1974) stated that a study on the nature and structure of leaf venation has significant implications for the relationship between taxonomy and phylogeny. Levin (1929) also explained that leaf venation patterns have high taxonomic value and suggested that a species has a constant number of veins that can be used for species identification. Studies on leaf texture and secondary venation have taxonomic value and can be used for the identification of some species in the genera Corchorus and Grewia (Sharma 1991). Therefore, the variations in the patterns of leaf venation represented in this study is not only significant for group identification but can also be used directly to identify some Ficus species, such as F. lepicarpa, F. sagittata, F. schwarzii, and F. superba.

The presence of swollen veinlets or swollen tracheids, cystolith cells and trichomes can also be used as an additional tool for the differentiation of species among groups [Figs. 6(a) and (b)]. For example, swollen veinlets are only present in F. heteropleura (Pattern 6) and F. annulata (Pattern 7). Pattern 8 swollen veinlets are present in F. benghalensis, F. depressa, F. elastica and F. microcarpa.

The cystolith (consisting of calcium carbonate) is located in lithocysts; they occur in the form of papillate or hair-like lithocysts, mostly in the epidermis of leaves (Mauseth 1988). Metcalfe and Chalk (1950) noted that “true cystoliths” are known to occur in some genera of Moraceae, such as Broussonetia, Chlorophora, Conocephalus, Ficus and Morus. Therefore, the presence of cystoliths in this study is a common characteristic of the genus Ficus, except for F. aurata and F. fulva only. Klimko and Truchan (2006) stated that various trichomes, such as straight and long and short and peltate can be found on leaves in Ficus taxa. In this study, simple and unicellular trichomes were observed in the leaf venation of some species, such as in F. aurantiacea var. aurantiacea, F. aurata, F. benghalensis, F. fulva, F. hispida, F. lepicarpa, F. sagittata and F. superba.


CONCLUSION

The presence of variable patterns of leaf venation is significant because it can be used as an additional piece of data, especially in the group identification of species and also to directly differentiate some Ficus species, such as F. lepicarpa, F. sagittata, F. schwarzii and F. superba. However, other species may require more anatomical characters for differentiation.
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