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Abstrak: Kepelbagaian pokok bakau dan gastropod yang berkaitan telah dikaji di dua kawasan bakau di pantai barat Semenanjung Malaysia: Pulau Langkawi dan Sungai Merbok. Kawasan bakau yang disampel di Pulau Langkawi baru dibalak dan ditanam semula, manakala kawasan yang disampel di Sungai Merbok adalah sebahagian daripada rizab semula jadi yang dilindungi. Kepelbagaian bakau dan gastropod dinilai dalam empat tapak kajian bersaiz 50 m2 (10 × 5 m) bagi setiap kawasan. Nilai kekayaan spesies (S), Indeks Shannon (H’) dan indeks evenness (J’) dikira bagi setiap tapak kajian, dan nilai min S, H’ dan J’ dikira bagi setiap kawasan. Keputusan menunjukkan nilai S, H’ dan J’ bagi pokok dan gastropod dari kesemua kawasan kajian dari kedua-dua tapak adalah rendah. Untuk Pulau Langkawi, nilai min S, H’ dan J’ bagi pokok bakau adalah S = 2.00±0, H = 0.44±0.17 dan J’ = 0.44±0.17; nilai min bagi gastropod adalah S = 4.00±1.63, H’ = 0.96±0.41 dan J’ = 0.49±0.06. Di Sungai Merbok, nilai min S, H’ dan J’ bagi pokok bakau adalah S = 1.33±0.58, H’ = 0.22±0.39 dan J’ = 0.22±0.39; nilai min bagi gastropod adalah S = 4.75±2.22, H’ = 1.23±0.63 dan J’ = 0.55±0.12. Kajian ini menekankan keperluan ukuran kajian asas biodiversiti diadakan untuk ekosistem bakau untuk mengesan impak gangguan antropogenik dan sebagai panduan untuk usaha-usaha pengurusan dan pemulihan ekosistem bakau.
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Abstract: The diversities of mangrove trees and of their associated gastropods were assessed for two mangrove regions on the west coast of Peninsular Malaysia: Langkawi Island and Sungai Merbok. The mangrove area sampled on Langkawi Island was recently logged and replanted, whereas the area sampled in Sungai Merbok was part of a protected nature reserve. Mangrove and gastropod diversity were assessed in four 50 m2 (10 × 5 m) sites per region. The species richness (S), Shannon Index (H’) and Evenness Index (J’) were calculated for each site, and the mean S, H’ and J’ values were calculated for each region. We report low tree and gastropod S, H’ and J’ values in all sites from both regions. For Langkawi Island, the mean S, H’ and J’ values for mangrove trees were S = 2.00±0, H’ = 0.44±0.17 and J’ = 0.44±0.17; the mean S, H’ and J’ values for gastropods were S = 4.00±1.63, H’ = 0.96±0.41 and J’ = 0.49±0.06. In Sungai Merbok, the mean S, H’ and J’ values for mangrove trees were S = 1.33±0.58, H’ = 0.22±0.39 and J’ = 0.22±0.39; the mean S, H’ and J’ values for gastropods were S = 4.75±2.22, H’ = 1.23±0.63 and J’ = 0.55±0.12. This study emphasises the need for baseline biodiversity measures to be established in mangrove ecosystems to track the impacts of anthropogenic disturbances and to inform management and restoration efforts.
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INTRODUCTION

Mangroves are found globally in tropical and subtropical regions at the confluence of marine and terrestrial environments and support a unique ecosystem of considerable importance (FAO 2007; Alongi 2002; Tomlinson 1986). As the net primary production from mangrove flora far exceeds the ecosystem requirements, mangroves can function as both carbon sinks and carbon sources for the surrounding marine ecosystems (Cannicci et al. 2009; Duke et al. 2007; Duarte & Cebrian 1996). This highly productive ecosystem supports a wide range of animals, including molluscs (e.g. gastropods, bivalves), arthropods (e.g. crustaceans), fish, birds, reptiles (e.g. crocodiles), amphibians and mammals (FAO 2007; Ashton & Macintosh 2002). Mangroves function as breeding and nursery areas for shrimp, crabs and marine fish and have been found to positively influence the biomass of fish (including commercially important species) on neighbouring coral reefs (Mumby et al. 2004; Ashton & Macintosh 2002).

Mangroves also provide ecosystem services with substantial economic value with respect to waste treatment (e.g. pollution control, detoxification), disturbance regulation (e.g. storm protection, flood control), and, to a lesser extent, food production, habitat (e.g. nurseries for commercially important species) and raw materials (Costanza et al. 1997). Globally, the estimated worth of mangrove services is US$ 180,895,923,000 (Alongi 2002 based on values in Costanza et al. 1997). Nevertheless, current practices suggest that the consequences of mangrove loss are not well appreciated (Duke et al. 2007). Mangroves are being rapidly destroyed worldwide due to urban and industrial coastal development, overexploitation of mangrove resources, aquaculture (especially shrimp ponds) and agriculture (Amin et al. 2009; Duke et al. 2007; Ashton et al. 2003; Alongi 2002; Ashton & Macintosh 2002).

The Indo-West Pacific has the largest combined mangrove area in the world and boasts the highest biodiversity, particularly in South East Asia (Sandilyan & Kathiresan 2012). Malaysia is second only to Indonesia in the size and biodiversity of its mangrove areas (FAO 2007). During the past 25 years, extensive mangrove loss has occurred in Malaysia (≈109000 ha), and significant replanting programmes are required to remedy this loss (FAO 2007). The current sustainably managed mangroves or replanted mangroves are often monoculture stands of economically valuable species, e.g. Rhizophora spp. (Walton et al. 2007; Bosire et al. 2006; Alongi 2002; Ashton & Macintosh 2002; Ellison 2000). The possible deleterious effects of monoculture stands on the associated faunal communities have not been properly addressed in restoration projects (Bosire et al. 2008). A measure of success for replanting programmes is mangrove biodiversity, i.e., the replanted stands should ideally resemble natural stands.

The aim of this study was to provide an initial, baseline measure of tree and gastropod biodiversity in two Malaysian mangrove areas: Langkawi Island and Sungai Merbok. The sites sampled on Langkawi Island were actively logged and replanted, whereas the sites sampled in Sungai Merbok represented a natural stand. The species richness, diversity and evenness of tree species were assessed for both regions to determine if the replanted stands maintained the same level of diversity found in the natural stands. Furthermore, the species richness, diversity and evenness of gastropods were assessed in both regions to determine if faunal communities could become re-established in replanted stands and if the community of gastropods would resemble the communities found in natural stands.

MATERIALS AND METHODS

Description of Regions and Study Sites

Region 1: Langkawi Island

The Langkawi Archipelago lies west of Peninsular Malaysia in the Andaman Sea near the Malaysian-Thai border. The archipelago consists of 99 islands at high tide and 104 islands at low tide; sampling was conducted on Langkawi Island, the largest and most densely populated of the islands (Jahal et al. 2009). Langkawi Island is one of Malaysia’s principal tourist attractions and is, therefore, developing rapidly. Coastal development has converted much of the original mangrove area to agricultural lands, aquaculture ponds, mariculture, commercial and residential areas, and jetties that support the increase in boating activity. Furthermore, in areas not designated as Permanent Forest Areas, the local communities on Langkawi Island actively use mangroves for timber. Private use of mangroves for timber is prevalent even in areas designated as Forest Reserves or Permanent Forest Reserves (Shahbudin et al. 2012).

Langkawi Island sites

Four sites were sampled on Langkawi Island (L1–L4; Fig. 1A–C). The mangrove areas sampled on Langkawi Island, Tanjung Rhu and Kilim, were both exposed to heavy boat traffic associated with tourist activities and were actively logged and replanted. Perhaps the most striking feature of the Langkawi Island sites was the density of the Rhizophora sp. stands. The tight spacing of trees indicates that they had been actively planted, as mature stands are less dense due to self-thinning (Alongi 2002). The trees were logged in all sites visited and then replanted on a continuing basis. The age of the trees, based on trunk diameter and tree height, was estimated to be approximately 5–10 years (Benoit Dayrat pers. comm.). In this study, the sites from Langkawi Island represented replanted stands.

Region 2: Sungai Merbok

The mangrove area surrounding the Sungai Merbok estuary is located in the state of Kedah in the Northwestern region of Peninsular Malaysia (Somerfield et al. 1998). This mangrove area consists primarily of Rhizophora apiculata and Bruguiera parviflora and is managed only in certain regions (Somerfield et al. 1998; Ong 1982). Approximately 5000 ha of the Sungai Merbok mangroves has been set aside as a nature reserve and 1500 ha is used for rice paddies (Chong 2006; Somerfield et al. 1998). The remainder consists of pond aquaculture, roads, industry and residential areas (Somerfield et al. 1998).

Sungai Merbok sites

Four sites were sampled in Sungai Merbok (M1–M4; Fig. 1D–F). Samples were collected in a section of the reserve next to a road that had rice paddies on the opposite side. Despite nearby agriculture, the sampling sites were located in sections of mangrove that were relatively undisturbed. In all of the Sungai Merbok sites, the trees were estimated to be 20 m tall and perhaps 30 years old (Benoit Dayrat pers. comm.). Several trees were most likely older, as this region had never been logged. Although these mangroves may experience agricultural run-off, the sites in Sungai Merbok represented natural stands in this study.
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Figure 1: Aerial images of study sites in Langkawi Island and Sungai Merbok acquired from Google Earth™ mapping program (©2012 GeoEye, ©2012 DigitalGlobe, Data SIO, NOAA, US Navy, NGA, GEBCO): (A) Langkawi Island study sites L1–L4; (B) study sites L1 and L4; (C) study sites L2 and L3; (D) Sungai Merbok study sites M1–M4; (E) study sites M1 and M2; (F) study sites M3 and M4.



Experimental Design

Within each region, four sites were sampled (L1–L4 and M1–M4), for a total of eight sites. At each site, a transect was placed 2–10 m from a water source, perpendicular to the water, and in an area with lower tree density and firmer sediments to permit access. All sampling was performed approximately one hour before the lowest tide. Each study site included the area 2.5 m to the right and left of the transect tape. The total sampling area per site was thus 50 m2 (10 × 5 m).

The vegetation of the study sites was identified to genus, whereas the gastropods were identified to species if possible. The tree abundance was recorded within each 50 m2 site. Mangrove seedlings and saplings were not included in the count because they would not necessarily be recruited into the adult stand (Bosire et al. 2006). The gastropod species were not recorded for the entire 50 m2 site. Instead, 10 random positions within the 50 m2 area were selected using a random number generator, and a 0.5 × 0.5 m quadrat was placed at each of these 10 positions. All gastropod species found within each quadrat were recorded. Gastropods were counted on the muddy substratum; additionally, on the roots of the mangrove trees and on quadrats that encompassed a tree, they were sampled directly beside the trunk. The gastropod abundances from the 10 quadrats were combined to represent the site. The four sites sampled per region were considered the replicates (i.e. n = 4 for each region). The tree and gastropod abundance data were used to calculate species density (individuals/m2) and diversity indices.

Data Analysis

The tree and gastropod species richness (S), Shannon Index (H’) and Evenness Index (J’) values were calculated for each site (Pielou 1966; Shannon & Weaver 1949). The species richness was recorded as the total number of species found in each site. The Shannon Index was calculated as H’ = –∑[pi•ln(pi)]; the Evenness Index was calculated as J’ = H’/(log2S). Lastly, the mean tree and gastropod S, H’ and J’ values were calculated for each region.

RESULTS

The tree diversity was low at both sites assessed. The only trees reported were Rhizophora sp. and Bruguiera sp. Rhizophora sp. was more dense across the study sites. At the Sungai Merbok sites M3 and M4, it was the only species present (Table 1). Of the gastropod species recorded, Sphaerassiminea miniata had the highest density across sites, whereas others, such as Cassidula nucleus, Cerithidea obtusa, Littoraria spp. and Paraonchidium sp. were rarer (Table 2).

At all of the Langkawi Island sites (L1–L4), the S, H’ and J’ values were very low. At Sungai Merbok, the sites (M1–M4) showed even lower measures of tree S, H’ and J’ (Table 3). Additionally, with only one tree species found at sites M3 and M4, the diversity index was zero, and the J’ value was therefore meaningless. The gastropod S, H’ and J’ values were higher than those calculated for the trees (Tables 3 and 4). Nevertheless, the values for gastropods were still quite low compared to those found in other studies (e.g. Amin et al. 2009).


The tree S, H’ and J’ values were higher at the Langkawi Island sites. However, the difference is negligible in view of the low values found in all sites from both regions. In contrast, the gastropod S, H’ and J’ values were higher at the Sungai Merbok sites. Again, however, the difference between regions was not high, although it was evident from inspection of the data (Table 5).

Table 1: Density (individuals/m2) of tree species in sites from Langkawi Island and Sungai Merbok. Each site was 50 m2 (10 × 5 m).
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Note: *Data missing

Table 2: Density (individuals/m2) of gastropod species in sites from Langkawi Island and Sungai Merbok. A 0.5 × 0.5 m quadrat was sampled at 10 random positions/site. The data from the 10 positions were combined.

[image: art]

Table 3: Species richness (S), Shannon Index (H’) and Evenness Index (J’) of tree species in Langkawi Island and Sungai Merbok.



	Site
	S

	H’

	J’




	Langkawi Island
	
	
	



	L1
	2

	0.44

	0.44




	L2
	2

	0.30

	0.30




	L3
	2

	0.68

	0.68




	L4
	2

	0.31

	0.31




	Sungai Merbok
	
	
	



	M1
	*

	*

	*




	M2
	2

	0.67

	0.67




	M3
	1

	0

	**




	M4
	1

	0

	**





Note: *Data missing; **undefined number (J’ = H’/0)

Table 4: Species richness (S), Shannon Index (H’) and Evenness Index (J’) of gastropod species in Langkawi Island and Sungai Merbok. Quadrats were combined, and the values (S, H’ and J’) were calculated from the combined data for the site as a whole.



	Site
	S

	H’

	J’




	Langkawi Island
	
	
	



	L1
	4

	0.94

	0.47




	L2
	4

	1.09

	0.54




	L3
	2

	0.41

	0.41




	L4
	6

	1.39

	0.54




	Sungai Merbok
	
	
	



	M1
	6

	1.50

	0.58




	M2
	7

	1.85

	0.66




	M3
	4

	1.18

	0.59




	M4
	2

	0.38

	0.38





Table 5: Mean species richness (S), Shannon Index (H’) and Evenness Index (J’) values of tree and gastropod species in Langkawi Island and Sungai Merbok.



	
	
S


	
H’


	
J’





	Tree
	
	
	



	Langkawi Island
	2.00±0

	0.44±0.17

	0.44±0.17




	Sungai Merbok
	1.33±0.58

	0.22±0.39

	0.22±0.39




	Gastropod
	
	
	



	Langkawi Island
	4.00±1.63

	0.96±0.41

	0.49±0.06




	Sungai Merbok
	4.75±2.22

	1.23±0.63

	0.55±0.12






DISCUSSION

Low Abundance, S, H’ and J’ Values

We found low tree and gastropod density, S, H’ and J’ values at all sites from both regions. This result may indicate that the mangroves in Peninsular Malaysia either have a low natural species density and diversity or that both regions investigated were equally disturbed.

At all of the sampling sites, the only tree species present were Rhizophora sp. and Bruguiera sp. The dominant species at all sites (except site M2) was Rhizophora sp. This observation was not particularly surprising, as mangrove tree species are often found in distinct ranges and grouped in distinct forest communities (Ellison et al. 1999; Duke et al. 1998). The sites were all within the range of the Rhizophora sp. and Bruguiera sp. stands.

The tree richness showed no difference between sites. The tree H’ value also did not differ greatly between sites and ranged from 0.30 to 0.68. These H’ values were all quite low and the difference between an H’ value of 0.30 and 0.68 remains unclear. The evenness values were also low, ranging from 0.30–0.68. The low values of S, H’ and J’ most likely reflect the small sampling sites, which did not fully encompass all of the mangrove tree species found along the tidal gradient. Under these conditions, the diversity of mangrove tree species is naturally low within zones of distinct communities. Additionally, the low values may partially reflect a bias towards less dense sites.

The gastropod density and species richness reported for each site was low in comparison to the number of species that could be found in a casual search of the area. For instance, the gastropod species that were most abundant at the sampling sites were S. miniata, Terebralia sulcata, Assiminea brevicula and Laemodonta sp. All of these species can be found on the surface of muddy sediments. The gastropod species that were rarer at the sampling sites were C. nucleus, C. obtusa, Littoraria sp., Littoraria carinifera and Paraonchidium sp., all of which were found on tree trunks and fallen wood and were commonly observed in a casual search. This finding could suggest that the transect sampling technique showed a bias towards those species found on the sediments and in the leaf litter because less dense areas were chosen for study. Time-based collections (e.g. Ashton et al. 2003) of gastropods may yield a more representative sample of the gastropod species present at a given site but introduce the potential for sampling bias.

Although the sampling technique employed in this study may not have encompassed the full gastropod diversity present, the H’ and J’ values calculated were similar to H’ and J’ values calculated for gastropods in Matang, Malaysia (Sasekumar & Chong 1998). The range of H’ and J’ values for the sites across both regions in the present study fell within the range of H’ and J’ values calculated in a 2-year-old, 15-year-old and mature mangrove stand in Matang. For instance, the values calculated for sites L3 (H’ = 0.41, J’ = 0.41) and M4 (H’ = 0.38, J’ = 0.38) were very similar to the values calculated in a 2-year-old stand in Matang (H’ = 0.3944, J’ = 0.3590); the values calculated for sites M1 (H’ = 1.5, J’ = 0.58) and M2 (H’ = 1.85, J’ = 0.66) were comparable to the values calculated in a mature stand in Matang (H’ = 1.5663, J’ = 0.6532). In the present study, the effect of replanting and mangrove age on gastropod diversity is unclear, as low H’ and J’ values were reported for site M4 in Sungai Merbok, which was part of an unlogged nature reserve, whereas relatively high H’ and J’ values were reported for site L4 (H’ = 1.39, J’ = 0.54) in Langkawi. Furthermore, other natural and anthropogenic disturbances will affect the diversity of gastropods at a given site.

The gastropod S, H’ and J’ values were also comparable to the S, H’ and J’ values calculated by Amin and collegues (2009) based on an investigation of gastropod diversity in mangroves with various levels of anthropogenic disturbance in Indonesia. On average, the S, H’ and J’ values in this study were similar to those found by those authors in Pelintung and Sg. Dumai, the stations with poorer water quality, more anthropogenic disturbance, higher metal concentrations and a generally lower quality of physicochemical parameters (Amin et al. 2009). The lower H’ values reported, 0.38, 0.41 and 0.94 at sites M4, L3 and L1, respectively, may suggest some type of disturbance; in the case of L1 and L3, these lower values may simply reflect the recent logging and replanting in that region.

Langkawi Island vs. Sungai Merbok

In this preliminary study, no differences were found between a replanted region, Langkawi Island and a natural stand, Sungai Merbok. Although the mean tree S value did not differ greatly between the sites, the mean H’ and J’ values at the Langkawi Island sites were twice the corresponding values at the Sungai Merbok sites. Although the difference may appear striking, it is actually due only to the influence of sites M3 and M4, which had only one tree species (vs. two at the other sites), resulting in a H’ value of zero and a meaningless J’ value. Another possible explanation of this finding is that the trees at the Langkawi Island sites were closely spaced as a result of active planting, which augmented the abundances of certain tree species. Only by sampling from the low to the high tide line could differences in tree S, H’ and J’ values (if any exist) be determined. In addition, due to the naturally low tree diversity in the mangroves, another measure, such as diameter at breast height (DBH), may yield a better method for distinguishing a natural, healthy mangrove stand from a disturbed site.

Additionally, the gastropod distributions did not differ strikingly between the two regions. The gastropod species richness, diversity, and evenness were, on average, relatively similar for Langkawi Island and Sungai Merbok. This result was unexpected and surprising. It was expected that the recent logging of the Langkawi Island sites would be reflected in a reduction of the community of gastropods. This finding may suggest that gastropod species are not greatly affected by periodic tree removal, as they are able to recolonise a disturbed area rapidly (Bosire et al. 2008). Alternatively, it is possible that more sites need to be sampled in each region. Overall, of the faunal communities present in the mangroves, gastropods are ideal bioindicators, as they are found globally, are easily identified and sampled year round (unlike crabs) and are tolerant of environmental fluctuations but also have limited mobility and are thus susceptible to human disturbances (Amin et al. 2009; Nordhaus et al. 2009).


Recommendations for Future Studies

This study emphasises the need for more baseline biodiversity measures to be established for mangroves. In Malaysia and in many other countries, the diversity of the mangrove flora and fauna remains largely unstudied. Ideally, sampling would run from the low tide to the high tide mark, and sampling sites would be much larger. Nevertheless, note that the mangrove ecosystem presents formidable sampling problems, e.g. difficult/hazardous site accessibility via boat or car, extremely soft sediments, areas with dangerous animals, dense mangrove stands that cannot be penetrated and tidal restrictions. More importantly, sampling was consistent between sites. Diversity indices provide a powerful tool for comparisons between regions; however, more sites need to be sampled across several regions, and any differences should be identified using statistical analyses.

It is important to determine the effect of creating monoculture stands on faunal assemblages. If the richness and diversity of tree species does influence faunal richness, then the loss of tree species could be detrimental to ecosystem functioning. At the same time, it may be possible to maintain the tree richness and diversity through a replanting program, making the periodic logging of a site relatively sustainable. Mangrove ecosystems may be resilient to occasional logging, but studies on a larger scale over a longer time period are required to confirm this hypothesis. Data of this type are necessary to support informed management decisions. With our present knowledge, the replanting of logged areas should aim to maintain the tree diversity and should consider the associated fauna. At a minimum, mangroves should be re-established through the planting of monocultures or by leaving these areas to become fallow. Both scenarios are certainly preferable to the development of the reclaimed lands for other purposes.
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Abstrak: Diet semula jadi ketam renjong, Portunus pelagicus, telah dikaji dari Oktober 2008 hingga Oktober 2009 menggunakan penyampelan tangan dan ‘crab gill net’. Keputusan telah menunjukkan bahawa pemangsa utama dalam kandungan perut P. pelagicus ialah ikan teleos (29.61%), bahan organik (20.69%), krustasia (18.3%) dan moluska bercangkerang (11.46%). Perbezaan ketara telah dijumpai dalam komposisi diet antara ketam juvenil dan matang, antara ketam di dalam dan di luar kawasan teluk dan antara musim. Secara kontranya, perbezaan ketara tidak dijumpai antara ketam jantan dan betina.

Keywords: Ekologi Pemakanan, Ketam Renjong, P. pelagicus, Anjakan Ontogenetik, Kung Krabaen Bay

Abstract: The natural diet of blue swimming crabs, Portunus pelagicus, was investigated from October 2008 to October 2009 using hand sampling and a crab gill net. The results showed that the major prey items in the stomach contents of P. pelagicus were teleost fish (29.61%), organic matter (20.69%), crustaceans (18.3%) and shelled molluscs (11.46%). Significant differences were found in diet composition between juvenile and mature crabs, between crabs inside and outside the bay and among seasons. In contrast, significant differences were not found between male and female crabs.

Keywords: Feeding Ecology, Blue Swimming Crabs, P. pelagicus, Ontogenetic Shift, Kung Krabaen Bay

INTRODUCTION

The blue swimming crab Portunus pelagicus (Linnaeus, 1758) has a broad geographical distribution throughout the Indo-Pacific region (Kailola et al. 1993). The species is usually found in large numbers in shallow bays with sandy bottoms (Williams 1981). This crab is a very important commercial species in many countries, such as Australia, Japan, India and the Southeast Asian countries, particularly Thailand. These crabs are distributed throughout the coastal areas in the Andaman Sea and the Gulf of Thailand in a total of 21 provinces of Thailand. During the past decade, the production of P. pelagicus in Kung Krabaen Bay has decreased markedly (Tantichaiwanit et al. 2010; Raungprataungsuk 2009; Bhatrasataponkul et al. 2008; Kunsook 2006). A comparison between the production of P. pelagicus in 2002 (120 tonnes) and the production in 2012 (50 tonnes) clearly demonstrates the 58.33% decrease in production (Kunsook 2012). Additionally, the size of the crabs has decreased markedly. However, P. pelagicus fishing still plays an important role, in ecological and socio-economic terms, in Kung Krabaen Bay (Fig. 1). It is an important source of local income and job opportunities for villagers. It also plays an important role in terms of ecology due to its relationship to various trophic levels in food webs.
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Figure 1: Kung Krabaen Bay, Chanthaburi Province, Thailand.



The natural diet of P. pelagicus has been extensively studied by examining the stomach contents using two measures: frequency of occurrence and per cent occurrence (Edgar 1990; Williams 1981, 1982; Hyslop 1980; Patel et al. 1979). The results of these studies indicate that P. pelagicus is primarily carnivorous, feeding on a wide variety of benthic animals. Smaller quantities of marine plants and seagrass are also consumed (Wu & Shin 1998). P. pelagicus is considered to be an opportunistic predator. Its diet depends on the availability of food items (Williams 1982). Williams also found that the diet composition of P. pelagicus changes only slightly with the size of the crab, in contrast to other brachyurans, whose prey species change with increasing crab size. This finding is consistent with the results of Edgar (1990), who found size-related changes in the diets of crabs. These ontogenetic niche shifts are influenced by the differences between the habitats used by small and larger crabs. During the planktonic phase, the larvae are plankton feeders, feeding on phytoplankton and zooplankton, e.g., Chaetoceros and rotifers (Josileen & Menon 2004). The natural diet of juveniles and adult crabs in Kung Krabaen Bay has been studied by Kunsook (2006) using a collapsible crab trap. The results of that study show that the principal food items of immature males were molluscs, fish and crustaceans. The principal food items of mature males were fish, crustaceans and molluscs. Immature females fed primarily on fish, molluscs and crustaceans, whereas mature females fed on fish, crustaceans and squid. However, that study was conducted only inside the bay. The adult crabs outside the bay were not investigated. In addition to the bias from the sample sites, the estimate of the fish component of the diet was excessively high because the collapsible crab trap also trapped fish. Hand sampling and a crab gill net were used in the current study to avoid biased samples of prey. A study of the dietary composition of P. pelagicus in Australia showed that juvenile crabs consumed a large quantity of crustaceans and bivalve molluscs, whereas adult crabs fed on polychaetes and crustaceans (de Lestang et al. 2003). The natural diet of juvenile and adult P. pelagicus has also been investigated along the coast of Mandapam, Tamil Nadu, India. The results of that study showed that juvenile crabs [<80 mm carapace width (CW)] fed primarily on debris (41.4%), followed by crustaceans (27.7%) and miscellaneous items (19.2%). In smaller adults (100–140 mm), crustaceans were the principal food item, whereas larger adults (141–180 mm) fed on fish and miscellaneous items (Josileen 2011).

A study of the natural diet of P. pelagicus larvae and juveniles in Kung Krabaen Bay strongly indicated the importance of seagrass beds as the nursery habitat and food source for crab larvae and juveniles. The megalops larvae settled in certain habitats that provided protection (Raungprataungsuk 2009). Migration by the crabs was performed not only for reproduction but also to find suitable food sources. Food availability for the crabs depended on seasonal variation and environmental changes, such as salinity and temperature changes. Ontogenetic niche shifts also affect the migration of brachyuran decapods (Pittman & McAlpine 2003). Currently, P. pelagicus are overharvested, and the population of this crab in the natural habitat is insufficient to meet consumer demands. The sustainable management of this crab species, e.g., based on culturing and restocking the juvenile crabs, has been proposed in previous studies (Tantichaiwanit et al. 2010; Raungprataungsuk 2009; Kunsook 2006). Dietary studies are important for identifying the food consumed by the crab. This knowledge is also useful to facilitate the successful culture of the species (Josileen 2011). This study aimed to investigate the composition of the natural diet of P. pelagicus inside and outside Kung Krabaen Bay and analysed the factors affecting the feeding ecology of the crab, such as sex, size, season and the use of habitat inside and outside the bay. The results of this study will be useful for improving and developing cultural techniques for P. pelagicus in Kung Krabaen Bay.


MATERIALS AND METHODS

Study Area

Kung Krabaen Bay is one of the important fishing grounds for P. pelagicus in Thailand. It is located in the eastern Gulf of Thailand between latitude 12°34’–12°12’N and longitude 101°53’–101°55’E. The climate of the Kung Krabaen Bay ecosystem is seasonal. The dry season typically extends from November to April, and the wet season extends from May to October. This climate is influenced by the two monsoons, the northeast monsoon and the southwest monsoon. This area has many diverse habitat types, including mangrove forests, coral reefs and seagrass beds. Therefore, this bay supports abundant economically important marine animals, particularly P. pelagicus. Kung Krabaen Bay is currently one of the areas included in many planned Thailand Fishery Improvement Projects (FIPs), particularly crab management projects (National Fisheries Institute Crab Council 2013).

Data Collection

The natural diet of crabs was studied from October 2008 to October 2009 by analysing stomach contents. The results of these analyses for inshore and offshore crabs were compared. P. pelagicus was collected by hand at inshore locations during the lowest tides at 12 sampling sites. The crabs were caught by grasping the carapace near the swimming leg. P. pelagicus was also collected offshore with a crab gill net with a mesh size of 10 cm and a length of 500 m. The crabs were preserved immediately in 10% buffered formalin. The foregut of each crab was removed, fixed in formalin and stored in 70% ethanol for dietary analysis. The CW and sex were recorded for each individual. The foregut contents were examined under a stereomicroscope. Prey items were sorted into broad taxonomic groupings. Juvenile crabs and adult crabs were classified according to CW. Juvenile males were considered to have a CW less than 7 cm, and adult males were considered to have a CW of 7 cm or more; juvenile females were considered to have a CW less than 8 cm, and adult females were considered to have a CW of 8 cm or more (Kunsook 2006).

Data Analysis

Dietary composition was analysed with the percentage point method (Williams 1981), the frequency-of-occurrence method (Wear & Haddon 1987; William 1981) and the Index of Relative Importance (IRI) (Hyslop 1980).

For the percentage point method, after the stomach was removed it was scored from 1–5, according to the degree of fullness, i.e., approximately 100%, 75%, 50%, 25% and 0%. Food categories were given a value ranging from 0–100 according to the percentage of the stomach contents of a given individual represented by that category. The number of points that each category received was weighted according to the actual fullness of the stomach in which it was found. For example, in a stomach that was half full and contained 25% molluscs and 75% crustaceans, the molluscs received a score of 12.5 points, the crustaceans a score of 37.5 points.




	
	P
	=
	(F/A) + 100%



	where

	P

	=

	percentage points for each prey category




	
	F
	=
	total points for each prey category



	
	A
	=
	total points for all prey categories.




The frequency-of-occurrence method was applied by dividing the number of stomachs that contained a given food category by the total number of stomachs observed.



	
	PO
	=
	(O/N) × 100%



	where

	PO

	=

	percentage occurrence of prey item




	
	O
	=
	number of stomachs that contained a given prey type



	
	N
	=
	number of crabs in the sample, excluding crabs with empty stomach contents.




The IRI (Hyslop 1980) was calculated for all of the prey items using the formula:



	
	IRI
	=
	(CN + CP) + F,



	where

	CN

	=

	percentage based on number of prey




	
	CP
	=
	percentage points



	
	F
	=
	percentage of occurrence.




The food items were classified into the following nine categories: crustaceans, fish, molluscs, squid, sponges, seagrass, algae, organic matter or unidentified and sand or debris. These food items were identified based on observations of body parts such as the carapace, appendage, fin, scales, and bones under a stereomicroscope (Josileen 2011). A one-way analysis of variance (ANOVA) was used to test the relationship between the dietary composition and factors such as sex, size, habitat type and seasonality. A significance level of p<0.05 was used for the statistical analyses (de Lestang et al. 2000).

RESULTS

Food Items

The stomach contents of 262 P. pelagicus were analysed. In all, 140 male crabs with CWs ranging between 4.49–14.26 cm and 122 female crabs with CWs ranging between 4.07–16.73 cm were examined. The frequency-of-occurrence method showed that the major prey items in the stomach contents of P. pelagicus were teleost fish (29.61%), organic matter (20.69%), crustaceans (18.3%) and shelled molluscs (11.46%), respectively (Fig. 2). The teleost fish in the stomachs could not be identified to species due to the crushing and grinding of the food items that occurred during the feeding behaviour of the crabs.


The percentage point method showed trends similar to those found with the frequency-of-occurrence method. Teleost fish were the principal food item in the stomachs (29.62%). The percentages of crustaceans, organic matter and molluscs were the next highest (21.2%, 18.36% and 18.21%, respectively). Sand (4.22%), squid (2.93%), algae (2.61%), sponges (2.29%) and seagrass (0.56%) were found in smaller quantities (Fig. 3).

The IRI for the food items confirmed the identity of the principal prey items. The IRI values ranged from 0.07% to 41.18%. The highest percentage IRI was found for teleost fish (41.18%), whereas the lowest (0.07%) was found for seagrass (Table 1).
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Figure 2: Food items of P. pelagicus in Kung Krabaen Bay, Chanthaburi Province calculated by frequency-of-occurrence method.

Note: Tef, teleost fish; Cru, crustaceans; Mol, molluscs; Squ, squid; Spo, sponge; Alg, algae; Seg, seagrass; Orm, organic matter; San, sand



Ontogenetic Niche Shift

Significant differences in diet composition were found between juvenile and mature crabs (p<0.05). The principal food items of the juvenile male crabs were teleost fish (31.65%), crustaceans (18.99%) and molluscs (17.72%), and the principal food items of the adult male crabs were teleost fish (30.13%), organic matter (22.59%) and crustaceans (19.25%) (Fig. 4). Sponges were absent from the stomachs of the juvenile male crabs but were found in the adult male crabs. Moreover, algae and seagrass were found in the stomachs of the juveniles (Figs. 4 and 5). This study confirmed the importance of seagrass beds as feeding grounds for juveniles, consistent with the movement pattern of the crabs within the bay. The food items in the juvenile and adult female P. pelagicus stomachs followed trends similar to those reported for the male crabs. The principal food items of the juvenile female crabs were teleost fish (33.33%), crustaceans (18.75%) and molluscs (14.58%), and the principal food items of the adult female crabs were organic matter (30.93%), teleost fish (29.66%) and crustaceans (14.41%) (Figs. 6 and 7).
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Figure 3: Food items of P. pelagicus in Kung Krabaen Bay, Chanthaburi Province calculated by percentage point method.

Note: Tef, teleost fish; Cru, crustaceans; Mol, molluscs; Squ, squid; Spo, sponge; Alg, algae; Seg, seagrass; Orm, organic matter; San, sand



Table 1: Index of relative importance (IRI) and percentage IRI of food items of P. pelagicus in Kung Krabaen Bay, Chanthaburi Province based on stomach contents.
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Significant differences in food items were found between crabs inside and outside the bay (p<0.05). The principal food items of crabs inside the bay were teleost fish, crustaceans, molluscs and organic matter, whereas the principal food items of crabs outside the bay were organic matter, teleost fish, sand and crustaceans. The less common food items of crabs inside the bay were molluscs (13.76%), organic matter (13.76%), sand (7.57%), algae (5.73%), squid (5.28%) and seagrass (1.15%). Sponges were absent from the crab stomach contents inside the bay but were found in crabs outside the bay; squid and seagrass were found only in the crab stomach contents inside the bay. Moreover, a high percentage of organic matter was found in the stomach contents of crabs outside the bay (Fig. 8).

Male and female crabs shared the principal food items, including teleost fish, organic matter and crustaceans, in similar proportions, with slightly higher frequencies of most food types in the female crabs except for organic matter and sponges (Fig. 9). No statistically significant differences were detected between the diets of male and female crabs.

However, the diet composition differed significantly between crabs collected in the wet and dry seasons (p<0.05). In the dry season, teleost fish (26.26%), organic matter (24.67%) and crustaceans (15.38%) were the most frequently consumed items, whereas in the wet season, teleost fish (39.86%), crustaceans (19.23%) and organic matter (16.43%) were the principal food items. Moreover, certain food items, e.g., sponges and seagrass, were found in the dry season but were absent in the wet season (Fig. 10).
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Figure 4: Percent occurrence of food items of immature male P. pelagicus in Kung Krabaen Bay, Chanthaburi Province.

Note: Tef, teleost fish; Cru, crustaceans; Mol, molluscs; Squ, squid; Spo, sponge; Alg, algae; Seg, seagrass; Orm, organic matter; San, sand
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Figure 5: Percent occurrence of food items of mature male P. pelagicus in Kung Krabaen Bay, Chanthaburi Province.

Note: Tef, teleost fish; Cru, crustaceans; Mol, molluscs; Squ, squid; Spo, sponge; Alg, algae; Seg, seagrass; Orm, organic matter; San, sand
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Figure 6: Percent occurrence of food items of immature female P. pelagicus in Kung Krabaen Bay, Chanthaburi Province.

Note: Tef, teleost fish; Cru, crustaceans; Mol, molluscs; Squ, squid; Spo, sponge; Alg, algae; Seg, seagrass; Orm, organic matter; San, sand
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Figure 7: Percent occurrence of food items of mature female P. pelagicus in Kung Krabaen Bay, Chanthaburi Province.

Note: Tef, teleost fish; Cru, crustaceans; Mol, molluscs; Squ, squid; Spo, sponge; Alg, algae; Seg, seagrass; Orm, organic matter; San, sand
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Figure 8: Percent occurrence of food items of P. pelagicus inside and outside (darker bar) Kung Krabaen Bay, Chanthaburi Province.

Note: Tef, teleost fish; Cru, crustaceans; Mol, molluscs; Squ, squid; Spo, sponge; Alg, algae; Seg, seagrass; Orm, organic matter; San, sand
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Figure 9: Percent occurrence of food items of male and female (darker bar) P. pelagicus in Kung Krabaen Bay, Chanthaburi Province.

Note: Tef, teleost fish; Cru, crustaceans; Mol, molluscs; Squ, squid; Spo, sponge; Alg, algae; Seg, seagrass; Orm, organic matter; San, sand
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Figure 10: Percent occurrence of food items of P. pelagicus in Kung Krabaen Bay, Chanthaburi Province in dry and wet (darker bar) seasons.

Note: Tef, teleost fish; Cru, crustaceans; Mol, molluscs; Squ, squid; Spo, sponge; Alg, algae; Seg, seagrass; Orm, organic matter; San, sand




DISCUSSION

Comparisons of Diets in Kung Krabaen Bay and in Other Coastal Marine Waters

P. pelagicus in Kung Krabaen Bay is predominantly a carnivore and scavenger, primarily feeding on teleost fish and on invertebrate prey including molluscs and crustaceans. In contrast to previous reports on the natural diet of P. pelagicus elsewhere (Chande & Mgaya 2004; Wu & Shin 1998; Edgar 1990; Wassenberg & Hill 1987; Williams 1982, 1981; Patel et al. 1979), the current study found that P. pelagicus fed primarily on sessile or slow-moving invertebrates. Therefore, the dominance of teleosts in the diet of P. pelagicus in Kung Krabaen Bay may reflect scavenging activity by the crab. The species of crustacean that occurred in the stomach contents of the crabs were the crossed-marked swimming crab Charybdis feriatus, the spiny rock crab Thalamita crenata and the moon crab Matuta banksii. P. pelagicus were also included in the diet as a result of cannibalism. This result is in agreement with the report by Kunsook (2006) that portunid crabs were dominant prey items and were abundant in the area. Indeed, feeding by the crabs was closely correlated with the distribution and density of prey. Algae and seagrass were of minor importance in the diet of P. pelagicus even though the seagrass species Enhalus acoroides and Halodule pinifolia were prevalent in Kung Krabaen Bay. This finding suggests that plant materials may be ingested accidentally as prey items are gleaned from among algae and seagrass (Williams 1981). Moreover, this study indicated that most juvenile P. pelagicus inhabit this area. Several studies have shown that seagrass beds are frequently used as nursery habitat by juvenile marine animals because they provide a refuge from predators and a greater abundance of food (Jackson et al. 2001). Recently, the food and feeding habits of P. pelagicus were studied on the coast of Mandapam, Tamil Nadu, India. The results of that study showed that crustaceans, molluscs, fish, unidentified items and debris are the principal items in the diet and that crustaceans are the major food item of this species (Josileen 2011).

Feeding Patterns of P. pelagicus in Kung Krabaen Bay

The diet of P. pelagicus did not vary with the sex of the crab. Williams (1982) noted that males and female crabs ate similar types of food and ate the same quantities of food. Edgar (1990) found no differences between the food types of male and female P. pelagicus in Western Australia, but a larger quantity of food was found in the stomachs of the female crabs than in those of the male crabs, suggesting that the female crabs need more energy for ovogenesis. Similarly, Cannicci et al. (1996) found that the females of T. crenata, a species of portunid, consumed more food than the male crabs. Chande and Mgaya (2004) reported no significant difference in food types between sexes, sizes or seasons. However, significant differences were recorded among the various food items. Josileen (2011) found no significant differences between the sexes but significant differences among the size groups of the crabs. The results of that study are related to our results because they found differences between the feeding patterns of juvenile and mature crabs. These findings reflect the ontogenetic changes occurring in the species. Juvenile crabs pass through frequent moulting stages during growth, and calcium is required for shell formation; therefore, juvenile crabs would prefer fish bone, shelled molluscs and crustaceans (Cannicci et al. 1996; Williams 1982). The patterns of feeding ecology of juvenile and mature crabs are supported by bycatch data from collapsible crab traps and crab gill nets (Kunsook 2012). Moreover, differences in feeding between seasons and habitat types were found in this study because the abundance and distribution of prey differed for each season and habitat type. The species composition of the prey or the food of the crab is shown in detail by the bycatch composition (Fig. 11). The advantage of this research is that it can be used to solve problems in aquaculture, such as the identification of appropriate crab food items for each stage or the need for information that can be used in the restocking of this crab in its natural habitat.
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Figure 11: Species composition of bycatch from (a) crab gill net and (b) collapsible crab trap for P. pelagicus in Kung Krabaen Bay, Chanthaburi Province.

Note: BSC – blue swimming crab



CONCLUSIONS

In summary, blue swimming crabs at Kung Krabaen Bay are predominantly carnivores and scavengers, feeding primarily on teleost fish and on invertebrate prey including molluscs and crustaceans. The results showed the differences between the feeding patterns of juvenile and mature crabs, which reflected an ontogenetic niche shift in this crab species.
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Abstrak: Kajian ini telah dijalankan untuk mendapatkan anggaran indeks biologi dan ekonomi untuk struktur trofik penangkapan ikan Omani, iaitu aras trofik min (MLT), indeks penangkapan ikan yang seimbang (FiB) dan indeks harga relatif (RPI). Secara umumnya, MLT telah berkurangan dari 1995 hingga 2010, menunjukkan penangkapan ikan menurun dalam web trofik marin. Indeks FiB telah meningkat, menunjukkan ketidakseimbangan dalam perikanan. Indeks ekonomi, RPI telah menurun dari 1994 hingga 2007, menunjukkan bahawa nilai spesies aras trofik (TL) bawah telah meningkat secara relatif kepada spesies TL atas.

Kata kunci: Aras Trofik, Indeks Penangkapan Ikan yang Seimbang, Indeks Harga Relatif

Abstract: The present study was conducted to obtain estimates of certain biological and economic indices of the trophic structure of the Omani landed fish catch, namely, the mean trophic level (MTL), the fishing-in-balance (FiB) index and the relative price index (RPI). The MTL generally decreased from 1995 to 2010, indicating a fishing-down of the marine trophic web. The FiB index increased, indicating an imbalance in the fisheries. An economic index, the RPI, decreased from 1994 to 2007, indicating that the values of lower trophic level (TL) species increased relative to those of higher TL species.

Keywords: Trophic Levels, Fishing-in-Balance Index, Relative Price Index

INTRODUCTION

The intensive exploitation of fish communities is a main reason of substantial decrease in the abundance of target species changing the species composition (Greenstreet & Hall 1996) which in turn reflect changes in the structure of the underlying fish communities (Gulland 1987). The study of fish trophic levels (TLs) is of practical and theoretical significance. Fishing-down in marine food webs worldwide was initially documented using Food and Agriculture Organization (FAO) landings data from 1950 to 1994 with estimates of TLs extracted from recorded mass-balance trophic models (Christensen 1995; Pauly & Christensen 1995; Christensen & Pauly 1993; Pauly & Christensen 1993).

The average transfer efficiency between TLs in marine systems is 10% (Pauly & Christensen 1995) and 10-fold in potential catches increases with 1 level decrease of fishery operation (Pauly et al. 2000). To study this effect, Pauly et al. (2000) and Christensen (2000) introduced the fishing-in-balance (FiB) index. If catches increase 10-fold for every full TL decrease, the FiB index will remain constant, and fishing can be deemed ‘in balance’. The Convention of Biological Diversity’s (CBD) Marine Trophic Index was developed (CBD 2004), based on the contribution of Pauly et al. (1998), on the assumption that a decline in the mean trophic level (MLT) of the fishery catch is generally due to a fisheries-induced reduction of the biomass and hence of the biodiversity of the vulnerable top predators.

Fishery preferences change due to economic forces. Inside this context the values of the species determine what species the fishermen are targeting and to what extent they are ready to invest their money to catch it. According to previous studies [Organisation for Economic Co-operation and Development (OECD) 1997; Murawski & Serchuk 1989] the average market price of a species will increase with its rarity. According to Sumaila (1998) markets may give a good value to previously undesirable fish when target species disappear. The average price of low TL species increased between 1952 and 1994 relative to the price of high-TL species (Sumaila 1998). To measure this effect in Omani fisheries, we followed the method of Pinnegar et al. (2002) based on the estimation of the relative price index (RPI). Pinnegar et al. (2002) claimed that that constant RPI leads to constant relationship between the prices of low and high TL species, although prices may have increased in absolute terms due to inflation. The principal objective of the current work is to describe the TL structure with the temporal changes in the landed catch and to examine the degree of balance in the fishery by estimating the FiB index. Another objective is to describe the economic effect of the change in the TL structure by measuring the change in the prices of various TLs relative to each other.

MATERIALS AND METHODS

The weights in metric tonnes (mt) and values in Omani Real (RO) of the landed catch were obtained for 1995–2010 from the compilation of fishery statistics (Omani Ministry of Agriculture and Fisheries Wealth). The TLs of the landed species (Table 1) were retrieved from the Fishbase web site (Froese & Pauly 2012). From this information, we identified three groups of TLs: group 2+ (herbivores and detritivores), which includes species at TLs ranging from 2.00 to 2.99; group 3+ (carnivores which feed only on herbivores and/or detritivores), which includes species at TLs ranging from 3.00 to 3.99; and group 4+ (top predators), which includes species at TLs ranging from 4.00 to 4.99. This classification was made according to Pauly et al. (1998) and Froese and Pauly (2012).

Mean Trophic Level (MTL)

According to Kleisner and Pauly (2011), the MTL is calculated as follows:
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where Yik is the catch of species i in year k and TLi is the TL of species (or group) i.

Table 1: TLs of various fish species in Omani catch (modified from Froese & Pauly 2012).



	Fish species
	
Common name


	
TL





	Sphyraena barracuda
	Barracuda

	4.50




	Sphyraena jello
	Barracuda

	4.50




	Trichiurus lepturus
	Ribbonfish

	4.40




	Euthynnus affinis
	Kawakawa

	4.50




	Seriphus politus
	Queenfish

	4.50




	Istiophorus platypterus
	Sailfish

	4.45




	Thunnus albacares
	Yellowfin tuna

	4.30




	Auxis thazard
	Frigate tuna

	4.35




	Rachycentron canadum
	Cobia

	4.00




	Thunnus tonggol
	Longtail tuna

	4.50




	Platybelone argalus platyura
	Needlefish

	4.50




	Scomberomorus commerson
	Kingfish

	4.50




	Sarda orientalis
	Striped bonito

	4.21




	Katsuwonus pelamis
	Skipjack

	4.30




	Lutjanus malabaricus
	Snapper

	4.45




	Carcharhinus leucas
	Shark

	4.34




	Carcharhinus melanopterus
	Shark

	3.94




	Sphyrna lewini
	Shark

	4.08




	Megalaspis cordyla
	Small jacks

	4.00




	Decapterus kurroides
	Small jacks

	3.40




	Epinephelus tauvina
	Grouper

	4.13




	Epinephelus areolatus
	Grouper

	3.90




	Epinephelus chlorostigma
	Grouper

	3.99




	Pristipomoides typus
	Jobfish

	4.20




	Caranx ignobilis
	Large jacks

	4.22




	Caranx heberi
	Large jacks

	3.70




	Alectis indicus
	Large jacks

	4.09




	Elagatis bipinnulata
	Large jacks

	3.59




	Gnathanodon speciosus
	Large jacks

	3.84




	Arius jella
	Catfish

	4.00




	Lethrinus nebulosus
	Emperor

	3.75




	Lethrinus lentjan
	Emperor

	3.87




	Argyrops filamentosus
	Seabream

	3.95




	Atractoscion aequidens
	Croaker

	3.60




	Aetomylaeus nichofii
	Rays

	3.76




	Himantura uarnak
	Rays

	3.67




	Rhynchobatus djiddensis
	Rays

	3.60




	Rhinoptera javanica
	Rays

	3.28




	Atractoscion aequidens
	Sweetlips

	3.60




	Sepia pharaonis
	Cuttlefish

	3.44




	Encrasicholina punctifer
	Anchovy

	3.43




	Rastrelliger kanagurta
	Indian mackerel

	3.20




	Sardinella longiceps
	Sardine

	3.00




	Siganus canaliculatus
	Rabbitfish

	2.21




	Penaeus indicus
	Shrimp

	2.65




	Panulirus homarus
	Lobster

	2.60




	Valamugi seheli
	Mullets

	2.39




	Haliotis sp.
	Abalone

	2.27





Fishing-in-Balance Index (FiB)

According to Pauly et al. (2000) and Christensen (2000), the FiB index for any year k is computed as follows:
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where Y is the catch, TE is the mean energy-transfer efficiency between TLs (assumed to be 10%) and 0 refers to the first year in the time series that is used as a baseline.

Relative Price Index (RPI)

The average prices of landed fish species (in RO per ton) landed in the Omani fisheries between 1995 and 2010 were estimated as value (RO) divided by landings (mt). Note that data after 2007 were excluded because data for abalone were missing. The relationship between prices and TLs was examined for each year using a linear regression. The slope of the regression (b) was taken as the RPI for each year (Pinnegar et al. 2002). The decrease in the RPI means that the prices of lower TL species have increased relative to those of the higher TL species (Sumaila 1998); conversely, when the RPI increase, this means that the top predators have increased in value relative to the low TL species.

RESULTS

Present study showed that the Omani fish catch includes three groups of TLs: 2+ (herbivores and detritivores), 3+ (carnivores feeding only on herbivores and/or detritivores) and 4+ (top predators). It appears that trophic group 3+ dominated the catch during most fishing seasons and that the catch of this trophic group increased continuously, followed by the species belonging to trophic group 4+, whose catch showed a general decrease. Fish belonging to trophic group 2+ were sparsely represented in the catch (Fig. 1).


Our investigation showed a general decrease in the annual MTL (Fig. 2) and obvious increases in the total landed catch (Fig. 3) and FiB index (Fig. 4). The MTL generally decreased from 1995 to 2010 (Fig. 2). Initially, an increase in the MTL occurred from 1995 to 1997, followed by a marked decrease until 2001 and then an increase until 2003 at a rate of 0.07 TLs year–1, followed by a gradual decrease.
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Figure 1: Percentage composition of various groups of TLs in Omani catch.
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Figure 2: Seasonal changes in MTL of Omani landed catch from 1995 to 2010.
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Figure 3: Seasonal change in total landed catch.
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Figure 4: Seasonal changes in FiB index.



Economic Analysis

An examination of the economic contribution of various trophic groups in the catch (Fig. 5) showed that the contribution of trophic group 3+ was generally greatest, followed by group 4+ in certain seasons and 2+ in certain other seasons.


The results of the present study show an increase in the value of the total catch (the summation of the values of all TLs) from 1995 to 2010 (Fig. 6). In contrast, the RPI generally decreased (Fig. 7).
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Figure 5: Economic contribution (% values) of various groups of TLs in the catch from 1995 to 2010.
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Figure 6: Seasonal changes in values of total landed catch of Oman.
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Figure 7: Temporal change in RPI of the TL structure within the Omani landed catch (from 1995 to 2007).



DISCUSSION

In the present study, the TLs of the fish constituting the Omani catch were retrieved from the Fishbase website (Froese & Pauly 2012). The Fishbase data showed that the TLs of fish, non-fish vertebrate groups and invertebrate groups in the Omani ecosystem ranged from 2.20 to 4.50. The analysis of these data showed that the catch includes three groups of TLs: 2+ (ranging from 2.21 for rabbitfish to 2.65 for shrimp), 3+ (ranging from 3.00 for sardine to 3.96 for seabream) and 4+ (ranging from 4.00 for catfish and cobia to 4.50 for barracuda and ribbonfish). These groups were classified according to Pauly (1998), who mentioned that TL 1 includes that plants and organic matter (detritus), TL 2 includes exclusive plant or detritus feeders (herbivores, detritivores) and TL 3 include carnivores which feed only on herbivores and/or detritivores. He claimed that carnivores do not necessarily have TLs of exactly 3 or 4 but may have intermediate values due to consuming mixture of prey. Due to this effect of mixed diets, top predators in marine ecosystems rarely exceed TL 5. These high values includes only in transient killer whales and polar bears, because they exclusively feed on marine mammals (which themselves prey on piscivorous fish) (Pauly et al. 1998). Moreover, although certain fish reach TLs in excess of 4.00, the majority have TLs between 2 (in herbivorous species such as anchovies and in most commercial invertebrates) and 4 (in cod, snappers, tuna and other predators).

The present study showed a general decrease in the MTL of the Omani fish catch by approximately 0.01 TLs year–1 as the total catch increased. The decrease in MTL is usually attributed to the fishing pressure on the higher TLs at the start of the fishery, which is then replaced by pressure on the lower TLs as the abundance of the high TL species declines (Kleisner & Pauly 2011; Pauly et al. 1998) due to fisheries-induced reductions of the biomass and biodiversity of these top predators. This principle explains the decrease found by this study in the abundance of several important high TL species and the increase of lower TL species in the Omani catch from 1995 to 2010. The present study showed a decrease in the abundance of yellowfin tuna, ribbonfish and sharks to approximately one-half of the catch recorded for the first year of the database. In contrast, the abundance of fish with a TL of 3+, such as sardine, emperor and sea bream, increased to approximately twice the level of their catch recorded at the beginning of the time series. Additionally, the catch of mullet and shrimp, with a TL of 2+, also doubled. The above discussion documents the occurrence of fishing-down in the marine food webs of the Omani ecosystem. This trend was clear from 1997 to 2001 and was characterised by a marked decrease in the MTL, followed by a period of increase until 2005 and a subsequent decrease. The occurrence of fishing-down in food webs has been documented and validated by numerous studies on a large number of marine and freshwater ecosystems (Kleisner & Pauly 2011; Stergiou & Tsikliras 2011; Pauly 2010; Jaureguizar & Milessi 2008; Morato et al. 2006; Frank et al. 2005; Pauly 2005; Arancibia & Neria 2005; Bellwood et al. 2004; Hutchings & Reynolds 2004; Myers & Worm 2003; Jackson et al. 2001; Pauly et al. 1998). The increase in the MTL from 2001 to 2005 may indicate a geographic expansion of the fishery (Kleisner & Pauly 2011) as a result of modernisation and the increase in numbers of fishing boats due to the increase in the Fishermen’s Encouragement Fund. Morgan (2004) reported that the Fishermen’s Encouragement Fund, implemented at the end of the 1990s and the beginning of the 2000s, produced an extensive upgrading of fishing vessels. Support from the Fund allowed the boats to be equipped with depth finders, fish detection systems, communication gear and miscellaneous equipment, as well as outboard engines. Thus, we might expect that further fishing grounds were explored and that the catches included the high TL species whose catches had previously declined. This explanation was previously discussed for Australian fisheries by Kleisner and Pauly (2011). They stated that the modernisation of the Australian fishing fleets in the 1960s allowed the spatial expansion of fishing effort by these vessels into deeper waters farther from shore.

The FiB index was developed to explain what may occur if the decline in mean TL is attributable to a deliberate choice to target low TL species because biological production is greater at low TLs (Pauly et al. 2000). If the choice to fish lower in the food web is deliberate, an increase in the catch commensurate with the decline in the mean TL would be expected (Kleisner & Pauly 2011). This pattern was clear in the present study of the Omani catch. The catch increased from 1995 to 2010. The present study showed a continuing imbalance in the fishery, as the value of the FiB index never remained constant (Pauly et al. 2000). Actually, the FiB values in the present study showed a series of fluctuations, including both increases and decreases, but the FiB index generally increased from the first year of the time series to the last year. Pauly et al. (2000) explained decreases in the FiB index in terms of the discarding of unwanted fish or an impairment of ecosystem function due to the removal of excessive amounts of biomass. The increase in the FiB index may be due to bottom-up effects, such as an increase in primary production (Kleisner & Pauly 2011; Pauly 2005; Pauly et al. 2000; Caddy et al. 1998), or to the extension of the fishery to new waters, which, in effect, expands the ecosystem exploited by the fishery (Kleisner & Pauly 2011; Pauly et al. 2000).

The economic analysis performed in the present study showed an increase in the value (in RO) of the total landed catch. The values of the species belonging to trophic group 3+ appeared to increase with time relative to the values of the high TL predator species (group 4+). This pattern may be due to the temporal decrease in the catch of certain important top predators such as ribbon fish, yellowfin tuna and sharks, which was accompanied by an increase in the catch of diverse lower TL species including sardine, emperor, sea bream and grouper. This result can be clarified by examining the estimates of the RPI, following (Pinnegar et al. 2002). According to these authors, a decrease in the RPI implies that the prices of lower TL species have increased relative to those of higher TL species (sensu Sumaila 1998); conversely, an increase in the RPI implies that the top predators have increased in value relative to the low TL species. The present study demonstrated a clear temporal decrease in the RPI and an increase in both the total landed catch (by amounts and values) and the 3+ TL species (by amounts and values). These results may suggest that the prices of the 3+ TL species increased relative to those of the 4+ TL species. Species belonging to the lowest TLs (group 2+) had the lowest values because their weights in the catch were always very much lower than those of the upper TL species (groups 3+ and 4+). Sumaila (1998) reported that low TL species have become more valuable relative to high TL species, and this would result in decline of the global RPI.

CONCLUSION

The results and discussion of the present study offer perspectives on the TL structure of the Omani landed catch and the associated temporal bioeconomic changes. It was clear that the Omani catch contained TLs ranging from 2.27 to 4.50, with three principal levels, 2, 3 and 4. The study found a clear decrease in the MTL of the total catch, indicating the fishing-down of the marine food web. The study also found a temporal increase in the FiB index. This increase was attributed to a bottom-up effect or to the geographic expansion of the fishery. Economically, there was a clear decrease in the RPI, indicating an increase in the prices of the species at TL 3 relative to the top predator species.
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Abstrak: Satu penilaian stok ketam renjong, Portunus pelagicus telah dijalankan menggunakan crab gill net dan collapsible crab trap di Kung Krabaen Bay, yang terletak di timur Teluk Thailand, dari 2008 hingga 2009. Beberapa indikator penting telah menunjukkan bahawa populasi P. pelagicus menghadapi krisis. Mortaliti tangkapan menunjukkan peningkatan kepada 4.14. Kadar eksploitasi ialah 0.71, iaitu lebih tinggi daripada nilai optimum 0.38. Saiz ketam betina matang juga telah berkurangan dari 8.10±0.39 cm kepada 7.52±1.14 cm. Nilai purata fekunditi ialah 0.572×106±0.261×106 telur setiap kelompok, dan nisbah jantina (jantan:betina) ialah 1:0.92. Berdasarkan keputusan ini, suatu program pengurusan lestari untuk P. pelagicus telah dicadangkan seperti berikut: (i) menutup teluk semasa musim mengawan, (ii) pemulihan semula tapak rumput laut Enhalus acoroides, (iii) penstokan semula larva ketam di teluk dan (iv) mendidik dan mewujudkan rangkaian sosial antara kesemua pemegang taruh untuk membina pemahaman yang lebih baik terhadap ekologi ketam dalam menyokong pengurusan perikanan secara lestari di Kung Krabaen Bay.

Kata kunci: Penilaian Stok, Ketam Renjong, Pengurusan Lestari, Teluk Thailand

Abstract: A stock assessment of blue swimming crabs, Portunus pelagicus was conducted with crab gill nets and collapsible crab traps at Kung Krabaen Bay, in the eastern Gulf of Thailand, from 2008 to 2009. Several key indicators show that P. pelagicus population is in crisis. Fishing mortality shows an increase to 4.14. The exploitation rate is 0.71, higher than the optimal value of 0.38. The size of the mature females has also decreased from 8.10±0.39 cm to 7.52±1.14 cm. The average fecundity is 0.572×106±0.261×106 eggs per batch, and the sex ratio (male:female) is 1:0.92. Based on these results, a sustainable management program for P. pelagicus was proposed as follows: (i) closing the bay during the spawning season, (ii) restoration of the Enhalus acoroides seagrass beds, (iii) restocking crab larvae in the bay and (iv) educating and networking all stakeholders to develop a better understanding of the ecology of the crab to support sustainable fishery management in Kung Krabaen Bay.

Keywords: Stock Assessment, Blue Swimming Crab, Sustainable Management, Gulf of Thailand


INTRODUCTION

The population decline of the blue swimming crab Portunus pelagicus (Linnaeus, 1758) is believed to be the result of problems such as overharvesting by efficient fishing gear, destruction of nursery habitat, harvesting ovigerous females and inefficiency of crab management. These problems are related to the high export of crab meat from Thailand. Since 2000, the annual production of crab meat has been as great as 43871 tonnes, declining to 20000 tonnes in 2011 (Thai Frozen Food Association 2012). In fact, this problem has not only occurred in Thailand but also in Southeast Asian countries such as the Philippines, Vietnam and Indonesia (National Fisheries Institute Crab Council 2013). The high market demand has stimulated increasing harvesting pressure on this common-pool resource, which is a common asset. Many fishermen adapt their harvesting techniques and even seek new techniques to increase their effective harvesting capacity. As a result, the crab stocks in many coastal areas are now in crisis, particularly in Kung Krabaen Bay (eastern Gulf of Thailand), one of the important fishing grounds for P. pelagicus in Thailand. A few researchers have assessed the population of P. pelagicus: Kunsook (2006), Bhatrasataponkul et al. (2008) and Raungprataungsuk (2009). However, they only estimated the stock inside the bay. They used collapsible crab traps in this area. In fact, there are two types of fishing gear, crab gill nets and collapsible crab traps. Generally, the gill net is used outside the bay to harvest larger crabs, whereas the collapsible trap is used inside the bay to harvest smaller crabs. Currently, both groups of fishermen are facing drastic declines in the crab population and decreases in the size of the crabs. This situation has created social conflicts between two groups of fishermen. One of these groups harvests crabs inside the bay, whereas the other group harvests crabs outside the bay. Both groups deny responsibility for these drastic problems. These difficulties may be related to the limited biological and ecological knowledge of P. pelagicus. Recommendations by the Bi-State Blue Crab Advisory Committee (BBCAC), USA, have identified indicators that furnish evidence of concern regarding the health of the crab stock. These indicators include the increase in fishing mortality, the near-record levels of fishing effort, the decrease in average crab size and the lack of mature females (Miller 2001). Therefore, it is necessary to conduct research on crab stock assessment to gain additional knowledge with the goal of enhancing the local crab population, which has been shown to be close to its carrying capacity. The results of this research could be shared to educate the local fishermen and other stakeholders who are involved, either directly or indirectly, in the management of the crab population. At present, there is no active crab fishery management strategy or policy plan for Kung Krabaen Bay. The Kung Krabaen Bay Royal Development Study Center is still attempting to establish a population of crabs in aquaculture facilities and to restock juvenile crabs in the bay. Unfortunately, its efforts have not achieved the stated goals. This difficulty can be explained by the lack of concern by the various stakeholders about measures for halting the decline of the crab population.

To resolve the problem of the population decline through appropriate and sustainable crab management, this study aimed to (i) assess the current status of P. pelagicus stock through the use of the two types of fishing gear employed in Kung Krabaen Bay; (ii) monitor biological indicators such as the sex ratio, fecundity (eggs per batch), stage of ovarian development, size at first maturity and proportion of ovigerous females removed from their habitat; and (iii) propose guidelines for the sustainable management of P. pelagicus in the bay.

MATERIALS AND METHODS

Study Area

Kung Krabaen Bay is a small semi-enclosed estuarine system located in the western part (12°34’–12°12’N, 101°53’–101°55’E) of Chanthaburi Province on the eastern Gulf of Thailand. The bay measures 2.5 × 4.0 km and has an average depth of 2.5 m. The bay has an approximate area of 10 km2 and a total volume of 2.5 × 107 m3. It is connected to the Gulf of Thailand by a 700 m wide channel in the southeastern corner of the bay [The Kung Krabaen Bay Royal Development Study Center (KKBRDSC) 2003]. The bay is strongly influenced by salinity variations due to the northeast monsoon in the dry season (November to April) and the southwest monsoon in the wet season (May to October). It includes diverse habitat types, e.g., mangrove forests, tidal mudflats, seagrass beds and coral reefs; therefore, the bay is important as not only a natural habitat for P. pelagicus but also an invaluable fishing ground.

Data Collection

To examine the abundance and distribution of the stock, samples of P. pelagicus were collected monthly for one year from October 2008 to October 2009. Two gear types were used, namely, a collapsible crab trap (2 cm mesh size) and a crab gill net (10 cm mesh size). Twenty seven stations were designed to collect crab samples inside and outside the bay (Table 1 and Fig. 1). Ecological factors, e.g., salinity, were measured with a refractometer (Harikul Science Company, Bangkok), and pH, dissolved oxygen and temperature were measured with a multi-parameter probe (LEGA Engineering Company, Bangkok). Crabs were separated according to sex. The carapace width (CW) was measured to the nearest 0.01 mm, the weight to the nearest 0.01 g. Thirty adult female crabs were collected for gonadosomatic index (GSI) determination and fecundity analysis. All data were analysed with techniques described in the data analysis section.

Data Analysis

Stock assessment and population structure were analysed with the Food and Agriculture Organization International Center for Living Aquatic Resources Management (FAO-ICLARM) Stock Assessment (FiSAT) program (Sparre & Venema 1998). Growth parameters, total mortality (natural and fishing mortality), recruitment pattern and exploitation rate were calculated by this program based on CW and frequency distribution (Sparre & Venema 1998; Pauly 1983). However, before the stock assessment could be analysed by the FiSAT program to obtain the probability of capture (Lc), it was necessary to correct the length-frequency data for the bias caused by the selectivity of the gear used to obtain the samples. This bias can cause the results to deviate from their true values. Accordingly, the size-frequency samples needed to be corrected in terms of the Lc. The unbiased data were then pooled for analysis by the FiSAT program with the Powell and Wetherall method (Spare & Venema 1998). Crab population structure, including the sex ratio and the relationship between CW and weight (W), as well as the size distribution, were also calculated. The CW/W relationship of both sexes was described with an allometric relationship (Y = aXb; Y = weight, x = CW, a and b are the stable value from the linear regression). Seasonal abundance and spatial abundance were calculated from monthly samples from the 27 stations. The differences in crab abundance relative to seasonal and spatial variation were analysed with a one-way ANOVA (Zar 1984). Relationships between crab abundance and ecological factors were determined at a significance level of 0.05 based on a Pearson correlation.

Table 1: Sampling stations for stock assessment of P. pelagicus in Kung Krabaen Bay from October 2008 to October 2009.



	Group
	
Number of stations


	
Stations


	
Description of habitat and location





	1
	6

	SG11, SG12, SG13, SG31, SG32, SG33

	Seagrass bed (Enhalus acoroides)




	2
	3

	SG4, SG5, SG6

	Seagrass bed (Halodule pinifolia)




	3
	3

	M1, M2, M3

	Near mangrove reforestation




	4
	3

	U1, U2, U3

	Bare ground




	5
	3

	KV1, KV2, KV3

	In front of Kung Viman Beach




	6
	3

	KB1, KB2, KB3

	In front of Kung Krabaen Bay




	7
	3

	KL1, KL2, KL3

	In front of Chao Lao Beach




	8
	3

	P1, P2, P3

	In the vicinity of the mouth of the bay





Reproductive Biology

Reproductive biology was studied by examining ovarian development, size at maturity, the GSI and fecundity. The stage of ovarian development was analysed with methods described by Svane and Hooper (2004).

The size at maturity of female P. pelagicus was defined by the rule that a female can be classified as mature if the oval abdominal flap can be separated from the carapace (Smith et al. 2004). The size at which 50% of the females were mature (L50) was estimated by fitting a logistic regression curve to the proportion of females that were mature in each sequential 1 mm CW size class as described by Oh and Jeong (2003), and King (1995).
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where, a and b are coefficients and OCW is the outer CW of the female crab.
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Figure 1: Study area for stock assessment and movement patterns of P. pelagicus at Kung Krabaen Bay, Chanthaburi Province, Thailand.

Note: SG = Seagrass bed, KB = Kung Krabaen Bay, MF = Mangrove forest, KV = Kung Viman Beach, U = bare ground, KL = Chao Lao Beach, P = mouth of bay



The GSI was calculated with the formula proposed by Sukumaran and Neelakantan (1997), and Geise and Pearse (1974):
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Fecundity (F) was calculated by counting the number of eggs present on the pleopod in an ovigerous female. The eggs were removed from the pleopod by immersing them in 20% sodium hydroxide solution and freed from the pleopod after 3 hours. They were then filtered and weighted to the nearest 0.1 mg. A sample of the separated egg mass was weighed and counted. The total number of eggs in the entire egg mass was then determined as follows:
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	where
	P
	=
	the weight of the entire egg mass



	
	P1
	=
	the weight of the subsample



	
	n
	=
	the total number of eggs in the subsample.





The average number of eggs per subsample was estimated from three replicate subsamples. The total number of eggs per egg batch was also calculated. The relationship between size of crab (OCW) and F was estimated separately on a monthly basis by fitting a linear regression relating fecundity to CW (Sukumaran & Neelakantan 1997).

RESULTS

The criteria used to determine whether a population was facing a crisis were based on the indicators in Miller (2001).

Growth Parameters

The selectivity of the gear strongly influenced the size distribution and composition of the crab catches. The Lc for the crab trap and crab gill net were calculated (Fig. 2 and 3). In the FiSAT program, Bhattacharya’s method was used to distinguish the size frequencies to determine the mean CW of the crab cohort. A modal progression analysis was used to track the mean length of a given cohort through its monthly growth progression (Sparre & Venema 1998) (Fig. 4). The results show that the growth parameters of the male crab were L∞ = 14.26 cm (L∞ = CW of P. pelagicus in infinity) and K = 2.75 per year (K = carrying capacity value) and that the growth parameters of the female crab were L∞ = 16.73 cm and K = 1.13 per year.

Mortality and Exploitation Rate

Increasing fishing mortality in crab populations often indicates a declining population. The total mortalities of male and female crabs estimated by the length-converted catch curve (Table 2 and Fig. 5) were 8.15 and 6.95 per year, respectively. The maximum relative yield-per-recruit exploitation rate (Emax) was 0.81, whereas the exploitation rate at the optimum level was 0.37 and the present yield was 0.71 (Fig. 6).
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Figure 2: Lc of P. pelagicus by crab traps.
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Figure 3: Lc of P. pelagicus by crab gill nets.
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Figure 4: Size-frequency distribution of CW of P. pelagicus at Kung Krabaen Bay, Chanthaburi Province.
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Figure 5: Length-converted catch curves of male and female P. pelagicus at Kung Krabaen Bay, Chanthaburi Province.
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Figure 6: Exploitation rate of P. pelagicus at Kung Krabaen Bay, Chanthaburi Province.



Table 2: Estimated mortality parameters of P. pelagicus in Kung Krabaen Bay, Chanthaburi Province.



	Crabs
	
Total mortality (Z)


	
Natural mortality (M)


	
Fishing mortality (F)





	Total
	5.83

	1.69

	4.14




	Male
	8.15

	3.98

	4.53




	Female
	6.95

	2.07

	4.88





Recruitment Pattern

Recruitment showed two prominent peaks during the years of the study. The first peak occurred between October 2008 and April 2009, and the second peak occurred between May 2009 and September 2009 (Fig. 7).
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Figure 7: Recruitment pattern of P. pelagicus at Kung Krabaen Bay, Chanthaburi Province.




Sex Ratio

Monthly variation was observed in the sex ratio. The overall ratio of males to females was 1:0.92 (Table 3). Male crabs were captured more frequently than female crabs except in November 2008 and April, June and October 2009.

Table 3: Sex ratio of P. pelagicus at Kung Krabaen Bay, Chanthaburi Province from October 2008 to October 2009.
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Length-weight Relationship

The relationship between OCW and W was W = 0.0002CW2.9211 and W = 0.0002CW2.8944 in male and female crabs, respectively (Fig. 8 and 9). The result showed that the W of the male crab was greater than that of a female crab with the same OCW. This result was consistent with prior findings by Sukumaran and Neelakantan (1997). The differences in growth rate between males and females resulted from the earlier age at first reproduction of the females. When a crab becomes sexually mature, growth often decreases (Hartnoll 1982) due to the significant amount of energy used for reproduction. The values of the regression coefficient b for males and females were both less than 3, indicating that crabs of both sexes exhibited allometric growth (t-test). The correlation coefficient r between CW and W for males and females was 0.961 and 0.9346, respectively. These results clearly indicated that the correlation between CW and W is strongly positive in this species.
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Figure 8: Relationship between CW and W of male P. pelagicus at Kung Krabaen Bay, Chanthaburi Province.
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Figure 9: Relationship between CW and W of female P. pelagicus at Kung Krabaen Bay, Chanthaburi Province.



Seasonal Abundance and Distribution

P. pelagicus occurred throughout the period October 2008 – September 2009 in Kung Krabaen Bay. Males and females represented 51.96% and 48.04% of the total population, respectively. The crabs collected at the 27 sampling stations were primarily collected at stations KL (outside the bay), SG (inside the bay) and U (bay mouth). The highest crab abundance was recorded at stations KL and SG2 (deep within the bay). The abundance of the crabs differed significantly among stations (p<0.05) but not between seasons (p>0.05). However, the abundance of crabs in the dry season tended to be higher than that in the wet season. Thus, the peaks of the crab fishing season occurred from December to January and June to July. In the dry season, under the influence of the northeast monsoon, a high density of crabs was observed at Chao Lao Beach (zone KL3 and zone KL2, the most southerly station outside the bay) and at stations at the mouth of the bay without vegetation covering the substrate (zones U1 and U2). In the wet season, under the influence of the southwest monsoon, a high density of crabs was observed in beds of the seagrass Halodule pinifolia (zone SG22, SG23), at stations at the mouth of the bay without vegetation covering the substrate [zones U1 and U3 and Chao Lao Beach (zone KL3)] (Fig. 10).
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Figure 10: Seasonal distribution of P. pelagicus in dry and wet season at Kung Krabaen Bay, Chanthaburi Province.



An analysis of the relationship between crab abundance and ecological factors showed that salinity and temperature were the major ecological factors controlling the distribution of the crab (Pearson correlation, p<0.05). In the dry season, the average salinity was 32.21±0.89 PSU, the average temperature 29.5±1.72°C. In the wet season, the average salinity was 29.5±1.88 PSU, the average temperature 29.51±1.55°C due to the influence of the wet monsoon season with its high rainfall.

Reproductive Biology of P. pelagicus Gonad and ovarian development

Gonad and ovarian development were determined from 30 mature females with an average CW of 8.25 cm. The proportion of berried (externally egg-bearing) females and fecundity were also investigated. The ovaries of the crabs increased in size and showed colour changes during development. A morphological study of ovarian development in P. pelagicus detailed the 6 stages of development (modified from Svane & Hooper 2004) (Fig. 11):




	Stage 1
	Gonad immature, white and translucent;



	Stage 2
	Gonad maturing, light yellow, H-shaped eggs present, not extending into hepatic region;



	Stage 3
	Gonad maturing, dark yellow and extending into hepatic region;



	Stage 4
	Gonad matured, orange and extending into hepatic region;



	Stage 5
	Ovigerous, female bearing fully matured eggs (orange eggs) externally;



	Stage 6
	Ovigerous, female bearing fully matured eggs (black eggs) externally; the female will spawn within 24 hours.




The monthly proportions of each developmental stage are shown in Figure 12. It is clear that P. pelagicus are able to breed throughout the year, as ovigerous females were found in every month. The maximum abundance of berried females (45.71%) was recorded in March 2009 (Fig. 13).

Gonadosomatic index (GSI)

The monthly variation in the GSI in females is shown in Figure 14. The GSI values for the 369 specimens of P. pelagicus ranged from 0.54% to 6.3%. These results indicated that 3 peaks of active spawning occurred in P. pelagicus, in December, March and August.
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Figure 11: Stages of ovarian development of P. pelagicus at Kung Krabaen Bay, Chanthaburi Province.

Note: Stage 1: gonad immature; Stage 2: gonad maturing, light yellow; Stage 3: gonad maturing, dark yellow; Stage 4: gonad matured; Stage 5: ovigerous female (bearing orange eggs); Stage 6: ovigerous female (bearing black eggs)
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Figure 12: Seasonal changes in the proportion of four ovarian development stages of female P. pelagicus at Kung Krabaen Bay, Chanthaburi Province.

Note: Ovigerous females were studied only in Stages 1–4 by weighing the entire crab and the ovary
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Figure 13: Proportions of ovigerous female P. pelagicus at Kung Krabaen Bay, Chanthaburi Province observed in collapsible crab traps and crab gill nets.
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Figure 14: GSI in female P. pelagicus at Kung Krabaen Bay, Chanthaburi Province indicating 3 spawning periods: November-December, February-March and June-August.




Fecundity

The estimated fecundity for individual crabs varied from 0.148×106 to 1.448×106 eggs per batch from October 2008 to September 2009. The minimum fecundity was found in a berried female crab having a CW of 8.58 cm and a body weight (BW) of 62.06 g. The maximum fecundity was found in a berried female crab having a CW of 13.60 cm and a BW of 186.86 g. The average fecundity was 0.572×106±0.261×106 eggs for a berried female crab with a mean CW of 11.88±11.57 mm and a BW of 129.46±27.19 g. The results showed two peaks of high fecundity, in December 2008 and June 2009. The fecundity results were correlated with the peaks of recruitment of crab larvae (Fig. 15).

First sexual maturity

Size at maturity is important in terms of stock reproductive strategy and output. A large size at maturity facilitates a high reproductive potential and is generally related to fecundity (Stearns 1992). It has been suggested that high fishing pressure may reduce the size at maturity (Pollock 1995; Stearns 1976). The size at which 50% of the female P. pelagicus were sexually mature was estimated to be 10.62 cm CW (Fig. 16). The results of the gonad study also indicated that the smallest mature female recorded was 5.82 cm CW and that the average size of matured females was 7.52±1.14 cm CW.

DISCUSSION

Scientific Findings from Stock Assessment and Reproductive Biology of P. pelagicus In Kung Krabaen Bay, Chanthaburi Province, Eastern Gulf of Thailand

Several indicators clearly indicated that the P. pelagicus population was in crisis. The fishing mortality and percentage of ovigerous females removed from the habitat showed increases compared with previous studies, a result of overharvesting. It is clear that increasing fishing mortality in the crab population often indicated a population decline. The exploitation rate, 0.71, greatly exceeded 0.38, the optimum rate. Moreover, according to Bhatrasataponkul et al. (2008) and Jindalikhit (2002), the average size and average fecundity decreased, with peak recruitment in December and June. The analysis of the relationship between crab abundance and ecological factors showed that salinity and temperature are suitable for growth and moulting during this period (Kangas 2000). The results of this study are also related to the findings of Romano and Zeng (2006), which indicated that salinity affects survival, growth and the osmolality of the haemolymph in early juvenile P. pelagicus. Furthermore, the results of that study demonstrated that a salinity range of 20–35 PSU is suitable for the culture of early juvenile P. pelagicus.
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Figure 15: High-fecundity period of female P. pelagicus relative to larval recruitment at Kung Krabaen Bay, Chanthaburi Province.
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Figure 16: Logistic curve showing the proportion of mature P. pelagicus in each size category at Kung Krabaen Bay, Chanthaburi Province.



Key parameters, including fishing mortality, the percentage of ovigerous females, the exploitation rate, the average size and the average fecundity clearly indicated that P. pelagicus population in Kung Krabaen Bay was in crisis. The size of mature females decreased, and fecundity was also lower than the recruitment rate. As shown by several studies in many coastal areas, Thailand has been facing the same crisis involving the decline of larval and juvenile crab populations. This study clearly indicated the occurrence of the crisis, as ovigerous females are harvested during the spawning season (Raungprataungsuk 2009; Bhatrasataponkul et al. 2008). Apparently, the recruitment of juvenile crabs to the fishery will be low because recruitment is related to the amount of reproductive biomass (Zheng & Kruse 1999), the rate of density-dependent mortality (Lipcius & Van Engel 1990) and the rate of emigration (Pile et al. 1996). This study clearly indicated that the recruitment of larvae and juveniles was related to the fecundity and size at maturity of female crabs. Thus, restrictions on the catch of gravid females or berried females during the spawning season should be enforced by the management of the fishery. The results found for the measurement indicators are summarised in Table 4.

Table 4: Measurement indicators at Kung Krabaen Bay, Chanthaburi Province.



	Indicators
	Criteria indicating declining population



	Fishing mortality
	Increased (88.16%)



	Exploitation rate
	0.71 (optimum exploitation rate = 0.38)



	Size of mature females
	Decreased (6%)



	Number of ovigerous females removed from population
	Increased (lost 45.7% per year)



	Average fecundity
	Decreased (19.72%)




Sustainable Management of P. pelagicus in Kung Krabaen Bay

The information gathered by this study indicates that crab stock assessment in terms of biological indicators justifies the need for the sustainable management of P. pelagicus in Kung Krabaen Bay. Therefore, the study proposes some key mechanisms for the sustainable management of P. pelagicus based on key biological indicators (Table 5).

Table 5: Biological indicators and criteria for proposing sustainable management of P. pelagicus in Kung Krabaen Bay, The Gulf of Thailand.



	No.
	Biological indicators
	Proposed criteria for sustainable management



	1.
	Fishing mortality (increased 88.16%)
	a. Closing crabbing inside and outside the bay during spawning season



	2.
	Exploitation rate (0.71 > optimum = 0.38)



	3.
	Size of mature females (decreased 6%)
	b. Setting minimum mesh size of fishing gear at 6.35 cm



	4.
	Number of ovigerous females lost (45.7% annually)
	c. Promoting active participation in a crab bank project to restock crab in the bay



	5.
	Average fecundity (decreased 19.72%)
	d. Providing all biological knowledge to all stakeholders to facilitate the understanding the life history and migration of the crab population



	6.
	High density of crabs in seagrass beds
	e. Establishing protection for zones covered with seagrass beds inside the bay and spawning grounds outside the bay





	
	
	f. Restoring seagrass beds as productive feeding and nursery grounds for P. pelagicus



	
	
	g. Promoting public participation or networking by relevant stakeholders in sustainable management of crab to create a sense of ownership of crab population





CONCLUSION

This study showed that P. pelagicus population in Kung Krabaen Bay is currently in crisis due to overharvesting. Apparently, the reproductive status of the crabs is directly affecting larval recruitment. Several biological indicators, such as fishing mortality and the percentage of ovigerous females removed from the habitat, have increased compared with previous studies. The exploitation rate was 0.71, far exceeding the optimal exploitation rate of 0.38. The size at first maturity, the size of mature females and the average fecundity have also decreased due to the overharvesting of adult crabs. This situation of population decline is comparable to that affecting the crab stocks at other coastal sites in Thailand and Southeast Asia. Accordingly, this study proposes the following measures for the sustainable management of P. pelagicus: (1) establish a closed season inside the bay during spawning season, (2) limit the mesh size of fishing gear, (3) restock crab larvae in the bay, (4) set up a protected seagrass bed zone inside the bay and a protected spawning ground outside the bay, and (5) promote networking with all stakeholders to facilitate a better understanding of the ecology of the crab to support sustainable fishery management in Kung Krabaen Bay. The study also suggests that the success of sustainable management depends on the acquisition of concrete scientific knowledge.
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Abstrak: Satu kajian lapangan telah dijalankan ke atas kumpulan pemakanan (FFG) bagi order Ephemeroptera, Plecoptera dan Trichoptera (EPT) di Sungai Tupah, Sungai Batu Hampar dan Sungai Teroi, di Hutan Simpan Gunung Jerai (GJFR), Kedah, Malaysia. Dua puluh sembilan genera daripada 19 famili telah dikenal pasti. EPT telah diklasifikasikan kepada lima FFG; pemungut-kumpul (CG), pemungut-turas (CF), pengoyak (SH), penyagat (SC) dan pemangsa (P). Daripada kajian ini, CG dan CF merupakan kumpulan dominan yang dijumpai di kesemua sungai. Ephemeroptera mendominasi sungai-sungai kerana ia mencatatkan bilangan tertinggi dan merupakan CG (90.6%). SC mencatatkan bilangan terendah di kalangan semua kumpulan. Sungai Teroi sangat sesuai untuk CG sahaja manakala Sungai Tupah dan Sungai Batu Hampar sesuai untuk CG dan CF. Perkadaran FFG adalah berbeza antara sungai-sungai (CG, χ2 = 23.6, p = 0.00; SH, χ2 = 10.02, p = 0.007; P, χ2 = 25.54, p = 0.00; CF, χ2 = 21.95, p = 0.00; SC, χ2 = 9.31, p = 0.01). Penemuan ini menunjukkan FFG yang dijumpai di sungai-sungai daripada GJFR mewakili sungai kelas tinggi.

Kata kunci: Ephemeroptera, Plecoptera, Trichoptera, Hutan Simpan, Tropikal, Kumpulan Pemakanan

Abstract: A field study was performed to describe the functional feeding groups (FFGs) of Ephemeroptera, Plecoptera and Trichoptera (EPT) in the Tupah, Batu Hampar and Teroi Rivers in the Gunung Jerai Forest Reserve (GJFR), Kedah, Malaysia. Twenty-nine genera belonging to 19 families were identified. The EPTs were classified into five FFGs: collector-gatherers (CG), collector-filterers (CF), shredders (SH), scrapers (SC) and predators (P). In this study, CG and CF were the dominant groups inhabiting all three rivers. Ephemeroptera dominated these rivers due to their high abundance, and they were also the CG (90.6%). SC were the lowest in abundance among all groups. Based on the FFGs, the Teroi River was suitable for CG, whereas the Tupah and Batu Hampar Rivers were suitable for CG and CF. The distribution of FFGs differed among the rivers (CG, χ2 = 23.6, p = 0.00; SH, χ2 = 10.02, p = 0.007; P, χ2 = 25.54, p = 0.00; CF, χ2 = 21.95, p = 0.00; SC, χ2 = 9.31, p = 0.01). These findings indicated that the FFGs found in rivers of the GJFR represent high river quality.

Keywords: Ephemeroptera, Plecoptera, Trichoptera, Forest Reserve, Tropical, Functional Feeding Groups


INTRODUCTION

The composition of life in headwater streams contributes to the biodiversity of a river system and its riparian network. Small streams differ widely in their physical, chemical and biotic attributes, thus providing habitats for a range of aquatic species. Several factors, such as substrates (Rae 1985), allochthonous matter (Tiziano et al. 2007), water temperature (Ward & Standford 1982), water flow (Dudgeon 1993), habitat disturbance (Death & Winterbourn 1995) and biotic interactions (Kohler 1992), determine the structure of resident macroinvertebrate assemblages.

In stream ecosystems, various groups of aquatic organisms respond to habitat changes differently (Clarke et al. 2008). Among aquatic insects, some insect orders are generally more tolerant or more sensitive to an array of environmental disturbances (Orr 2005; Yule & Yong 2004; Dudgeon 1999; Merritt & Cummins 1996). Similar responses to environmental disturbances are observed among organisms within a similar feeding or functional group due to a similar mechanism of food acquisition (Boyero 2005). Many recent studies on invertebrates’ responses to habitat disturbance have focused on the composition of functional feeding groups (FFGs) rather than examining the effect on all organisms living in particular habitats (Al-Shami et al. 2013a; Che Salmah et al. 2013a, b; Gullan & Cranston 2005; Blasius & Merritt 2002). Moreover, Gullan and Cranston (2005) suggested subsuming taxa into FFGs to address the problem of species-level identification of many organisms, which requires high levels of expertise.

The adaptation of species to environmental conditions is known as ecosystem function (Townsend & Hildrew 1994), and feeding strategy plays an important role in this process. FFGs are a classification approach based on morphobehavioural mechanisms of food acquisition rather than taxonomic groups (Merritt et al. 2008) that use information on feeding habits of benthic taxa (Rawer-Jost et al. 2000). The categorisation of stream macroinvertebrates by FFGs has shown considerable success as a tool for assessing spatial changes in lotic communities based on environmental conditions (Blasius & Merritt 2002). FFGs are useful to describe the function of benthic communities, such as when comparing river sites of different sizes, variation of riparian vegetation and physicochemical characteristics (Boyero 2005). Furthermore, the use of FFGs could increase the knowledge about lotic ecosystems during the assessment of ecological integrity (Rawer-Jost et al. 2000).

In upstream rivers, insects from the order Ephemeroptera, Plecoptera and Trichoptera (EPT) usually occur in large numbers (Al-Shami et al. 2013a, b; Suhaila 2011; Suhaila & Che Salmah 2011; Suhaila et al. 2011). In such areas, it is appropriate to use the FFG of these insect orders to examine aquatic ecosystem quality at the process-level because these insects are presumed to be more sensitive to perturbations (Al-Shami et al. 2013a; Che Salmah et al. 2013a; Blasius & Merritt 2002). The distribution pattern of EPT FFGs would indirectly indicate variations in habitats, mainly as related to various forms of disturbances (Salman et al. 2011). In Peninsular Malaysia, numerous hill streams in forest reserves are designated as recreational areas based on their unique natural habitats. Human activities at these undisturbed water bodies interfere with the aquatic organisms inhabiting the streams (Suhaila 2011; Suhaila & Che Salmah 2011; Suhaila et al. 2011). Therefore, this study was undertaken to investigate the diversity of the EPT community and its ecosystem function in upstream rivers of the Gunung Jerai Forest Reserve (GJFR) in Kedah, Malaysia. The distribution patterns of EPT FFGs in this forest would indirectly indicate the degree of habitat disturbance in the streams (rivers) that had been designated as popular recreational areas at this hill resort. The findings of this study will contribute to the planning of future recreational areas in forest reserves.

MATERIALS AND METHODS

Description of the Study Area

This study was conducted on rivers of the GJFR in Kedah, Northern Peninsular Malaysia, which lies at 5°47.44’N and 100°26.4’E. Three rivers were selected: the Tupah, Batu Hampar and Teroi Rivers. The Tupah River flows through low land dipterocarp forest at 200 m above sea level (a.s.l). The river substrates are predominantly cobble and gravel (55%) and boulders (45%). The Batu Hampar River flows through a populated village and fruit orchards in a low land dipterocarp forest 300 m a.s.l. In the Batu Hampar River, cobble and gravel substrates were highly embedded (approximately 60%). The Teroi River is located high on the Gunung Jerai at 1214 m a.s.l. The substrate in this river mainly consists of bedrock. The Teroi River flows through a hill dipterocarp forest with the water surface partly shaded by tree canopies. The water of this river is brownish in colour due to the resin from the Agathis alba trees that grow in high numbers along its banks.

Sampling of EPT

Aquatic forms of immature EPT were sampled from the Tupah, Batu Hampar and Teroi Rivers monthly from September 2007 to August 2008. Twenty samples were collected at each river using the kick sampling technique, a modified method of Merritt et al. (2008). This technique uses a D-pond net with a frame 40 cm wide and 30 cm high and fitted with a 60 cm long cone shaped net of 300 µm mesh. The frame was attached to a 100 cm long handle. A detailed description of the sampling procedure can be found elsewhere (Suhaila & Che Salmah 2011). Insects on pebbles, cobble and woody debris were scraped up and collected inside the net. The EPTs detached from the substrates were flushed into the net. The content of each sample was transferred into a labelled plastic bag, fastened with a rubber band and transported to the Aquatic Entomology Laboratory, Universiti Sains Malaysia (USM) in a Coolman® ice chest.

The EPTs were sorted visually using a pair of fine forceps. They were placed in universal bottles containing 75% ethyl alcohol (EtOH) and identified as respective genera under a dissecting microscope (Olympus CX41, Tokyo, Japan) using keys provided by Yule and Yong (2004), Dudgeon (1999), Wiggins (1996), Morse et al. (1994) and, Stewart and Stark (1993). All specimens were identified to the genus level when possible. The identification of Plecoptera was confirmed by Dr. Ignec Sivec (Slovenian Museum of Natural History, Ljubljana) and Prof. Yeon Jae Bae (Korea University, Seoul) verified the identification of Ephemeroptera and Trichoptera. Due to limited taxonomic keys of Malaysian taxa, it was not possible to identify the EPTs to the species level. Furthermore, many previous studies have shown that identification to the species level is not necessary for studies by FFG (Tomanova et al. 2006; Gayraud et al. 2003; Dolédec et al. 2000). Identification at the genus level has satisfied realistic functional descriptions of lotic communities (Heino & Soininen 2007; Boyero 2005; Gayraud et al. 2003; Dolédec et al. 2000).

Functional Feeding Groups (FFGs)

EPTs were categorised according to their FFG as scrapers (SC), collectors, shredders (SH) or predators (P). The generic identification of the EPTs was mainly based on Yule and Yong (2004) and Yule et al. (2009). Identified genera were assigned to FFGs according to Yule et al. (2009) and Merritt et al. (2008).

Physical Characteristics and Chemical Parameters of the Rivers

The physical features of the rivers, such as their width, depth, pH, water temperature and water velocity, were recorded in situ at each river. Concurrent with the EPT samplings, measurements of physicochemical parameters were performed at three randomly selected sites at each river. Measurements of width and depth were obtained using a Stanley measuring tape (3.2 m) and a stainless steel ruler (1 m), respectively. Dissolved oxygen (DO) and temperature values were measured in situ using an oxygen meter (YSI Model 550A, YSI Inc., Ohio, USA), whereas the pH of the water was measured with an electronic pH meter (HACH CO., Loveland, USA). The water velocity of the river was determined using a portable Velocity Autoflow Watch (JDC Instrument, Arizona, USA) and categorised following Carter et al. (1996) as fast flowing (>0.1 m/s), slow flowing (0.05–0.1 m/s) or non-moving (<0.05 m/s). To analyse selected chemical parameters [biochemical oxygen demand (BOD), chemical oxygen demand (COD), ammonia-nitrogen (NH3-N) and total suspended solids (TSS)], three water samples (500 ml each) were collected from the three rivers using polyethylene bottles during each sampling. The labelled bottles were transported to the laboratory in an ice chest and stored at 4°C until analysis. The BOD, COD, TSS and NH3-N in the water were estimated in the laboratory using a DR/890 HACH calorimeter following the manufacturer’s instructions (HACH CO., Loveland, USA).

Data Analysis

All data were not normally distributed as shown by a Kolmogorov-Smirnov test; therefore, the distributions of the monthly mean abundance of EPTs in the rivers were analysed with a Kruskal-Wallis test using SPSS version 14® (IBM Corporation, New York). Ecological indices, including the Shannon-Wiener (H’), Simpson (1-D), Pielou (E) and Menhinick (R) indices, were determined for each river (Ludwig & Reynold 1988). Furthermore, beta diversity (β) was calculated using Species Diversity and Richness IV (SDR) version 4.1.2® to measure the biological dissimilarities in the diversity of EPTs in the rivers (Tuomisto 2010; Costa & Melo 2008). A biological index, such as the EPT taxa Richness Index (Lenat & Penrose 1996), was calculated for each river.

RESULTS

Diversity of EPT in Rivers of the GJFR

Within the study period, 17315 specimens representing 29 genera from 19 families of EPTs were collected from the Tupah, Batu Hampar and Teroi Rivers. The EPTs from the Tupah, Batu Hampar and Teroi Rivers were highly variable in composition and abundance. The taxa richness index was the highest at the Tupah River (28 taxa), followed by the Batu Hampar River (25 taxa) and the Teroi River (22 taxa) (Table 1). Many EPT taxa recorded from the Tupah River were also collected from the Batu Hampar River, but there were fewer common taxa shared with the Teroi River. From the biological perspective, the EPT taxa richness index indicated that the water quality in all three rivers was not impacted by the activities of visitors.

The scores of both diversity indices (Shannon-Weiner and Simpson’s) showed that the diversity of EPT communities was much higher in the Batu Hampar River (H’ = 2.29, 1-D = 0.85), followed by the Tupah River (H’ = 2.15, 1-D = 0.81) and the Teroi River (H’ = 0.77, 1-D = 0.32). Because the abundance of EPTs was low, the species richness Menhinick Index was low in all rivers, ranging from 0.43 to 0.19. Nevertheless, these values implied that the Tupah River provided the most suitable habitats for EPTs compared to the other two rivers. The EPT distribution (Pielou’s Evenness Index) was more uniform in the Batu Hampar (E = 0.71) and Tupah Rivers (E = 0.65), but it was least evenly distributed in the Teroi River (E = 0.26). Whittaker’s beta diversity, which measures biological dissimilarities between rivers, showed that the Batu Hampar River (βW = 0.526) and Tupah River (βW = 0.562) were fairly low in dissimilarity (high similarity) of species composition, with the highest dissimilarity (lowest similarity) observed in the Teroi River (βW = 0.882).

Table 1: Abundance and number of taxa of EPT in different rivers of the GJFR.



	Indices
	
River





	
Tupah


	
Batu Hampar


	
Teroi





	Individuals
	4298

	3350

	9667




	EPT taxa richness index
	28

	25

	22




	Shannon-Wiener Index (H’)
	2.153

	2.294

	0.765




	Simpson’s Index (1-D)
	0.811

	0.853

	0.323




	Menhinick Index (R)
	0.427

	0.432

	0.193




	Pielou Index (E)
	0.646

	0.713

	0.260




	Whittaker’s Beta Diversity (βW)
	0.562

	0.526

	0.882






Functional Diversity of EPT

Table 2 shows the list of FFGs of EPTs in rivers of the GJFR. The composition of collector-gatherers (CG) was the highest in the Teroi River (90.6% of total FFGs; Fig. 1), moderate in the Tupah River (50.9%) and fairly low in the Batu Hampar River (33.2%). Meanwhile, EPT SC were markedly few, contributing only 1.2% in the Tupah River and 2% in the Batu Hampar River. SC were almost absent in the Teroi River. In the Batu Hampar River, P comprised 28.6% of the EPTs collected. Other guilds, collector-filterers (CF) (34.5%) and SH (1.7%), were more abundant in the Batu Hampar River compared to the other rivers. The range of FFG proportions differed between rivers (CG, χ2 = 23.6, p = 0.00; SH, χ2 = 10.02, p = 0.007; P, χ2=25.54 p = 0.00; CF, χ2 = 21.95, p = 0.00; and SC, χ2 = 9.31, p = 0.01).
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Figure 1: Composition of the FFGs of EPT in rivers of the GJFR, Kedah.



Physicochemical Parameters of the Rivers

The physicochemical parameters of the water in the three rivers are summarised in Table 3. All parameters varied within fairly small ranges. Among the three rivers, the water in the Teroi River was more acidic (4.97±0.21) than that in the Tupah (6.02±0.12) and Batu Hampar (6.06±0.11) rivers. At 1200 m a.s.l., the water temperature in the Teroi River was the coolest (20.9±0.28°C) and had the fastest flow of the shallowest water compared to the other rivers. The mean BOD content was the highest in the Tupah River (1.93±0.07 mg/l) and the lowest in the Teroi River (0.84±0.18 mg/l). However, the mean COD (19.15±3.15 mg/l) and TSS (5.23±0.21 mg/l) contents were highest in the Teroi River. Meanwhile, the mean DO and NH3-N content did not vary between the rivers.

DISCUSSION

The high scores of diversity indices, such as those of the Shannon-Wiener index and Simpson’s index, indicate that clean or unpolluted rivers support more diverse taxa, thus making them useful for detecting organic pollution (Lenat & Penrose 1996). Between the three rivers, the Batu Hampar River had the most diverse EPT assemblage, as indicated by higher values of alpha diversity indices. Therefore, it was presumed that the Batu Hampar River was unpolluted and provided a high abundance of suitable habitats for EPTs.

Table 2: List of taxa and their FFGs in the study area.



	Order
	
Family


	
Genera


	
FFG





	Ephemeroptera
	Heptageniidae

	Thalerosphyrus

	CG




	
	
	Campsoneuria

	CG




	
	
	Epeorus

	CG




	
	Baetidae

	Baetis

	CG




	
	
	Platybaetis

	CG




	
	
	Centroptilum

	CG




	
	Tricorythidae

	Tricorythus

	CG




	
	Caenidae

	Caenis

	CG




	
	Leptophlebiidae

	Habrophlebiodes

	SC




	
	Oligoneuridae

	Isonychia

	CF




	
	Teloganodidae

	Teloganodes

	CG




	
	Ephemerellidae

	Crinitella

	CG




	Plecoptera
	Nemouridae

	Indonemoura

	SH




	
	Perlidae

	Kamimuria

	P




	
	
	Neoperla

	P




	
	
	Phanoperla

	P




	
	
	Etrocorema

	P




	
	Peltoperlidae

	Cryptoperla

	SH




	Trichoptera
	Ecnomidae

	Ecnomus

	CF




	
	Hydropsychidae

	Cheumatopsyche

	CF




	
	
	Hydropsyche

	CF




	
	
	Macrostemum

	CF




	
	
	Diplectrona

	CF




	
	Calamoceratidae

	Ganonema

	SH




	
	Rhyacophilidae

	Rhyacophila

	P




	
	Philopotamidae

	Chimarra

	CF




	
	Lepidostomatidae

	Lepidostoma

	SH




	
	Leptoceridae

	Setodes

	CG




	
	Odontoceridae

	Marilia

	SH





Table 3: Mean (±SE) values of physical parameters of the rivers in the GJFR, Kedah.



	Physical parameters
	
River





	
Tupah


	
Batu Ham par


	
Teroi





	Altitude (a.s.l.)
	200

	300

	1214




	Width (m)
	4.14±0.28

	4.73±0.38

	4.03±0.73




	Depth (m)
	0.32±0.05

	0.34±0.06

	0.17±0.07




	Water acidity (pH)
	6.02±0.12

	6.06±0.11

	4.97±0.21




	Water temperature (°C)
	24.4±0.28

	24.2±0.19

	20.9±0.28




	Water velocity (m/s)
	0.56±0.16

	0.65±0.13

	1.22±0.12




	DO (mg/l)
	7.53±0.22

	7.14±0.37

	7.67±0.33




	BOD (mg/l)
	1.93±0.07

	0.95±0.18

	0.84±0.18




	COD (mg/l)
	10.25±0.23

	10.32±1.91

	19.15±3.15




	NH3-N (mg/l)
	0.02±0.01

	0.03±0.01

	0.04±0.04




	TSS (mg/l)
	2.85±0.23

	1.46±0.31

	5.23±0.21





In this study, the diversity of EPTs in all rivers was calculated based on the number of EPT genera recorded in each river at a coarse taxonomic resolution. As suggested by Bouchard et al. (2005), using a coarser taxonomic resolution (e.g., the identification of the family rather than the genus or species) makes the identification process less resource demanding. Higher number of taxa (species) collected from a habitat implies a richer community that usually lives in a healthier environment. Based on the scores, all rivers in the GJFR supported relatively rich EPT fauna, but their composition and abundance were significantly different between rivers. The range of scores of other calculated biological indices also pointed towards a rich EPT community inhabiting all rivers. However, a high preference of certain genera was observed, such as dominance of the mayfly Baetis in the Teroi River.

Comparing the generic compositions in the three rivers, the Batu Hampar River shared more common genera with the Tupah River, while the Teroi River was very different from the other rivers (as indicated by a high value of beta diversity). The Teroi River is located at a much higher altitude (1214 m a.s.l) compared to the Tupah and the Batu Hampar Rivers, which pass through altitudes of 200 m to 300 m a.s.l. Vegetation around the fast flowing Teroi River was also different when compared with the two other rivers, and it had a high abundance of A. alba that contributed to the higher acidity of its water. Such differences in the river’s physical habitat and hydrological conditions could contribute to the observed dissimilarities in the EPT compositions. This may be due to the multiplicity of microhabitats, along with a combination of several other environmental factors that varied between rivers (Costa & Melo 2008). Usually, similar richness of invertebrates is recorded from rivers with similar habitat structures, river geomorphologies and hydrological conditions (Novelo-Gutierrez & Gomez-Anaya 2009).

According to Bij de Vaate and Pavluk (2004), all FFGs (SC, SH, CG, CF and P) are usually found in undisturbed low-order rivers. Five groups of FFGs were identified in the rivers of the GJFR. Except in the Teroi River, where SC were not found, these FFGs inhabited both the Tupah and the Batu Hampar Rivers. The absence of SC in the Teroi River was presumably related to the unavailability of macrophytes, which are its food source (Rosenberg & Resh 1993). In the Teroi River, most substrates of the sampling sites consisted of bedrock underneath very shallow water. The lack of macrophyte growth on such a substrate led to the absence of this FFG group in the river. Furthermore, the water in the Teroi River was slightly acidic and most likely not suitable for macrophytes (Suhaila 2011).

In this study, CG and CF were the dominant FFGs in all three rivers. Based on Rosenberg and Resh (1993), the dominance of these two FFGs reflected organic enrichment of the water. Vannote et al. (1980) reported that CG and CF were more dominant in larger streams. However, functional composition can vary between segments, riffles and within riffles in low-order streams (Boyero 2005). Moreover, the CG and CF considered in this study were a fraction of the two FFGs in the rivers because they only represented three insect orders.

In the GJFR, CG were the most dominant FFG guild, especially in the Teroi River because most of the CG identified were ephemeropterans that were abundant in the river. Baetis, which preferred fast water current, a characteristic of the Teroi River, represented a large component of CG. In this river, the ephemeropteran CG feed on a variety of detritus (Merritt & Cummins 1996) found on rocky surfaces. The high abundance of CG in the Teroi River was also influenced by food availability; according to Suren and McMurtrie (2005), there is a high occurrence of CG in urban streams that have abundant food resources. As reported by Bispo and Oliveira (2007), the importance of collectors increases as the allochthonous energy inputs increase in the form of fine particulate organic matter (FPOM). In the Teroi River, many A. alba trees grew along its banks. The leaves from these trees were a source of organic matter in the river (Bretschko & Moser 1993). Similarly, Gregory et al. (1991) found that the riparian zone also contributed organic matter to the stream and altered the nutrient flow. Riparian allochthonous organic matter eventually changed the food quality in the river that was available to the aquatic ecosystem (Elliott et al. 2004).

Variations of FFG components in rivers of the GJFR implied that the energy input in each river was dissimilarly distributed. In addition, the distribution of FFG components was also influenced by characteristics of physical habitats. The higher elevation and acidic water of the Teroi River was assumed to be less preferred by the CF and SH. The CF in this study were mainly Trichopterans, which were dominant in the Tupah River. Trichoptera Hydropsychidae were the most important contributors to the CF. Larvae of the Hydropsychidae construct tent-like nets among the cobble and gravel and need a strong current to prevent the nets from collapsing (Voshell & Reese 2002). To capture food particles, such as pieces of leaves or drifting organisms, the net opening faces upstream while the insect secretly stays within its retreat.

Bispo et al. (2006) found that under dense vegetation cover, more allochthonous material provided suitable habitats for SC and SH on leaf debris that accumulated in low-order streams. These FFGs were poorly represented in high-order streams as observed by Dudgeon (1994) and Dudgeon and Bretschko (1996) in Hong Kong and New Guinea, respectively. Accordingly, in the GJFR, a higher abundance of SC and SH were observed in shaded habitats, especially in the Batu Hampar River, a second-order river. The higher percentage of SC and SH in the Batu Hampar River is an indicator of large amounts of algal growth on rocks and leaf litter (food sources) that were available in the river. It also reflected that the river’s riparian forest was well preserved and that recreational activities had caused little perturbation to its aquatic habitat. Although SH were primarily represented by perlids (Plecoptera), taxa such as Ganonema (Trichoptera: Calamoceratidae), Lepidostoma (Trichoptera: Lepidostomatidae) and Marilia (Trichoptera: Odontoceridae) were equally important. Moreover, the Batu Hampar River was surrounded by dense vegetation such as Shorea macroptera, Shorea lepidota and Shorea leprosula trees. These trees not only provided shade but also provided leaf litter and substrates to support growth of periphytic algae (Delong & Brusven 1998). Previous studies by Hynes (1970) and Vannote et al. (1980) showed that the differences between food availability and habitat structure in river ecosystems could strongly influence both the structure and function of river communities such as EPT.

In conclusion, rivers of the GJFR supported relatively rich EPT communities. The FFG compositions in the three selected rivers were determined by the abundance of a guild (FFG) and the number of taxa within a guild. CG were more dominant because most of the CG were ephemeropterans that occurred in high abundance in all rivers. All FFG guilds inhabited rivers of the GJFR, and the distribution of guild taxa was restricted to the availability of food in high-gradient rivers. The assessment of FFGs in this study was based on available reference sources; therefore, its feeding ecology with associated food sources and food size are in need of further investigation.
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Abstrak: Aktiviti antihiperglisemik akut dan subkronik, penilaian jurang keselamatan dan kandungan kimia ekstrak dan fraksi etanol (EE) Gynura procumbens (GP) telah dikaji. Tikus diabetik aruhan streptozotosin [(STZ) SDR] dan garis panduan Organisation for Economic Cooperation and Development (OECD) 425 dan 407 telah digunakan dalam kajian antidiabetik dan ketoksikan, masing-masing. Data biokimia dan hematologi yang diperolehi daripada kedua-dua prosedur akut dan sub-kronik mencadangkan bahawa ekstrak ini adalah selamat pada ujian had dos (2000 mg/kg); oleh itu, dos maut oral (LD50) ekstrak melebihi 2000 mg/kg. Pengambilan harian boleh terima (ADI) yang telah ditentukan ialah 700 mg/kg/hari. Dalam kajian antihiperglisemik akut, fraksi n-butanol (n-BF) didapati paling berkesan menurunkan paras glukosa secara konsisten, yang juga ditunjukkan dalam kajian 14 hari. Bukan sahaja n-BF menunjukkan penurunan glukosa bergantung kepada dos (51.2% dan 62.0% pada 500 mg/kg dan 1000 mg/kg, masing-masing) paling banyak, kesannya juga adalah yang paling mendekati metformin (63.6%, p<0.05). Jumlah flavonoid dalam n-BF dianggarkan sebanyak 62.90% dan 79.68% lebih tinggi daripada dalam fraksi etil asetat (EAF) dan fraksi akueus (AF), masing-masing (p<0.05) dan 61.22% dan 49.33% lebih tinggi bagi kandungan fenolik (p<0.05). Daun GP mempunyai paras dos tanpa kesan buruk kelihatan (NOAEL) dan aktiviti antihiperglisemik yang bersesuaian dengan kandungan fenol dan flavonoid yang tinggi. Oleh itu, daun GP menjanjikan sumber produk semula jadi antidiabetik baru.

Kata kunci: Ketoksikan, Antihiperglisemik, Glukosa Darah, Fenolik, Flavonoid, Gynura procumbens

Abstract: The acute and sub-chronic antihyperglycaemic activity, safety margin evaluations and chemical composition of ethanol extract (EE) and fractions of Gynura procumbens (GP) were studied. Streptozotocin (STZ)-induced diabetic rats (SDRs) and the Organisation for Economic Cooperation and Development (OECD) guidelines 425 and 407 were used in the antidiabetic and toxicity studies, respectively. Biochemical and haematological data obtained from both acute and sub-chronic procedures suggest that the extract is safe at the limit test dose (2000 mg/kg); thus, the oral lethal dose (LD50) exceeds 2000 mg/kg. The acceptable daily intake (ADI) was determined to be 700 mg/kg/day. In the acute antihyperglycaemic study, the n-butanol fraction (n-BF) was found to consistently lower glucose levels the most effectively, which was also demonstrated in the 14-day study. Not only did the n-BF show the highest dose-dependent glucose-lowering action (51.2% and 62.0% at 500 mg/kg and 1000 mg/kg, respectively), its effect was the closest to that of metformin (63.6%, p<0.05). The estimated amount of flavonoids in n-BF were 62.90% and 79.68% higher than the ethyl acetate fraction (EAF) and aqueous fraction (AF), respectively (p<0.05), with a corresponding value of 61.22% and 49.33% for phenolics (p<0.05). GP leaves have a no-observed-adverse-effect-level (NOAEL) and antihyperglycaemic activity corresponding to the high content of phenols and flavonoids. Therefore, GP leaves are a promising source of new antidiabetic natural products.

Keywords: Toxicity, Antihyperglycaemic, Blood Glucose, Phenolics, Flavonoids, Gynura procumbens

INTRODUCTION

Gynura procumbens (Merr) (GP), a member of the Compositae family, is an herbaceous plant that is widely distributed in Borneo, the Philippines, Java and Peninsular Malaysia (Hoe et al. 2011). In Southeast Asia, particularly Indonesia, Malaysia and Thailand, the plant is traditionally known for the treatment of several ailments including fevers, kidney disease, migraines, constipation, hypertension, diabetes mellitus and cancer. Several of these indications have been validated with pharmacological studies (Kim et al. 2011).

In previous studies, the glucose response activities of GP were reported (Rosidah et al. 2009; Akowuah et al. 2001; Zhang & Tan 2000). However, because the findings of the prior studies were inconsistent, a systematic investigation was carried out that was targeted at natural product discovery and/or production of standardised herbal forms. The data from this study were striking and indicated that the 1:3 ethanol-water extract of GP was most responsive in lowering glucose levels in diabetic animal models as well as in glucose tolerance tests (Algariri et al. 2013).

To produce GP extracts on an industrial scale, which was the long term goal of the previous study, it is required that the active extracts be biologically effective and safe. Therefore, the present investigation evaluated the safety and/or possible toxicity of the active extract [25% ethanol extract (EE)] of GP using standard procedures. The study also attempted fractionation of the extract for biological activity to enhance future characterisation of active glucose-lowering compounds in the extract to pave the way for standardisation.

MATERIALS AND METHODS

Chemicals and Drugs Used

Metformin (500 mg) was obtained from Glucophage®, Lipha Pharma Ltd. (Bristol, UK) and streptozotocin (STZ) was obtained from Sigma Aldrich Chemical Co. (St. Louis, MO, USA). All chemicals used for extraction, including ethanol, n-hexane, chloroform, ethyl acetate and n-butanol were obtained from R & M Chemicals (Dundee City, UK).

Plant Material and Preparation of Extract

The fresh leaves from GP collected from Herbagus Sdn. Bhd. (Kepala Batas, Pulau Pinang, Malaysia) were authenticated by Mr. V. Shunmugam a/l Vellosamy of the herbarium unit, School of Biology, Universiti Sains Malaysia (USM), and a voucher specimen (No. 11432) was deposited in the herbarium for future reference. The leaves were washed with water, dried in an oven at 45°C and milled into powder (1200 g). The powdered leaves were extracted by maceration (45°C) in 25% ethanol (2 litres) with the solvent being replenished every 6 hours. The extract was pooled, filtered, and then concentrated at 60°C using a rotary evaporator (Buchi Labortechnik AG, Flawil, Switzerland). The concentrated extract was then freeze-dried (Lebconco Corporation, Missouri, USA). The dried powdered extract was kept in a freezer at –40°C until it was used for animal treatments.

Liquid-Liquid Fractionation of the Extract

Approximately 250 g of the extract suspended in distilled water was first treated with ethyl acetate and, after vigorous shaking, was allowed to separate in a separating funnel. The ethyl acetate portion was collected and the process was repeated until the soluble ethyl acetate portion was completely collected from the extract. The residue was then similarly treated with n-butanol until the entire n-butanol-soluble portion was collected. Finally, the residue (aqueous portion) was also collected. The fractions collected were ethyl acetate, n-butanol and the aqueous residue. These fractions were filtered, concentrated and freeze-dried as described earlier to yield 2%, 23% and 33%, respectively, of the starting amount of extract. These were also preserved in the freezer (–40°C) until being used for animal treatments.

Animals

Sprague Dawley rats (200–250 g) obtained from the Animal Research and Service Centre (ARSC), USM, were used in this study. The rats were acclimatised for a period of 7 days in the Animal Transit Room, School of Pharmaceutical Sciences, USM where the experiments were carried out. They were allowed access to food (Gold Moher, Lipton India Ltd., Hyderabad, India) and tap water ad libitium. The temperature of the facility was 22±3°C, and light/darkness was alternated 12 hours apart. The experimental procedures were approved by the Animal Ethics Committee, USM [USM/Animal Ethics Approval/2010/(56)(211)].

Acute Toxicity Study

Five healthy, adult, female Sprague Dawley rats (200–225 g) were selected for this experiment. The acute toxicity study was carried out according to the up-and-down dosing procedure for testing of chemicals of the Organisation for Economic Cooperation and Development (OECD) guideline 425 (OECD 2008a). A dose of extract at 2000 mg/kg was selected as the limit test dose and given orally (single dose in a 2 ml volume) to the first female rat after an overnight fast. The animal was closely observed for signs of possible toxicity for the first 1, 4, 12 and 24 hours. If the rat survived, four additional rats were similarly and sequentially dosed so that a total of five rats were tested. The weight of the animals was determined on days 1, 7 and 14. Signs or symptoms of treatment-related toxicity and/or mortality were monitored for up to 14 days. Food and water were provided ad libitium. The visual observations included changes in skin and fur, eyes and mucous membranes, respiratory, circulatory, and autonomic and central nervous systems as well as somatomotor activity and behavioural pattern. Animals were euthanised on the last day of the experiment, and blood was collected for haematological and biochemical assays.

Sub-Chronic Toxicity Study

This experiment was also carried out according to the protocol described in OECD guidelines 407 (OECD 2008b) with minor modifications. Forty eight rats (24 males and 24 females) were randomly assigned into 4 groups of 12 rats each: a control group and 3 treatment groups (n = 12; 6 males and 6 females). The 3 treatment groups were administered 250, 500 or 1000 mg/kg extract of GP daily for 28 days (single dose in a 2 ml volume daily). The fourth group, the control, received an equivalent volume of distilled water (vehicle). The extract was freshly reconstituted every week. The rats were observed daily for behavioural changes, and their weight was monitored once a week. At the end of treatment (28 days), the rats were anesthetised under CO2 inhalation, and blood samples collected via cardiac puncture into non-heparinised and EDTA-containing tubes for biochemical and haematological analyses, respectively. Additionally, the rats were dissected and organs (brain, heart, liver, thymus, spleen, kidneys, adrenal glands, sex organs, lungs, stomach and gut) collected and examined. The relative organ weight (ROW) of each organ was then calculated as follows: ROW (%) = weight of organ / body weight of rat × 100. Haematological and biochemical analyses were performed at Gribbles Pathology (M) Sdn. Bhd. (Pulau Pinang, Malaysia), using an automated haematology analyser (Sysmex-XT-1800, Kobe, Japan) and an automated chemistry analyser (Olympus 640 Biochemistry Analyser, Tokyo), respectively.

Induction of Diabetes

Diabetes was induced in rats by intraperitoneal injection of 55 mg/kg of STZ (Sigma Aldrich Chemical Co, St. Louis, MO, USA) reconstituted in 0.1 M cold citrate buffer (pH 4.5) after an overnight fast. Seventy two hours after STZ administration, blood glucose levels were measured in blood collected by tail vein puncture using Accu-check Advantage II clinical glucose meter (Roche Diagnostics Co., Florida, USA). Rats with a fasting blood glucose ≥15 mmol/l (270 mg/dl) were considered diabetic and included in the study. The percentage change in blood glucose was calculated by % glycaemic change = (Gx–Gi) / Gx × 100; where Gx is the glycaemia at time x and Gi is the glycaemia at the initial time (i).

Acute Antihyperglycaemic Activity Study

In this test, 36 STZ-induced diabetic rats (SDRs) were randomly categorised into 6 groups (n = 6). After an overnight fast, groups 1 and 2, which consisted of the diabetic and positive controls, were treated with 1% carboxymethyl cellulose (vehicle) and metformin (500 mg/kg body weight), respectively. Groups 3–6 accordingly received single oral doses (500 mg/kg) of 25% EEs, ethyl acetate fraction (EAF), n-butanol fraction (n-BF) and aqueous fraction (AF) of GP, respectively. Blood was collected from the tail vein before (0 min), and at 1, 2, 3, 5 and 7 hours post-treatment for glucose measurement. This whole procedure was repeated for a second and third time using 1000 mg/kg and 2000 mg/kg of extract and fractions respectively.

Fourteen-day Antihyperglycaemic Activity Study

Thirty six SDRs were evenly assigned to 6 groups, and 6 non-diabetic rats belonging to the normal control group were used in this study. Following an overnight fast (but with free access to water), 4 groups of the diabetic rats were treated with 500 mg/kg body weight each of the 25% EE, EAF, n-BF or AF. The other two groups of diabetic rats, which served as the negative and positive controls, received 1% carboxymethyl cellulose (in equivalent volume) and 500 mg/kg body weight of metformin. The normal control group also received an equivalent volume of 1% carboxymethyl cellulose. The treatment was administered consecutively for 14 days, and the fasting blood glucose (FBG) levels and the body weight of the rats were measured at the outset of the experiment (baseline fasting blood glucose), on day 7 and at the end of the study (day 14). This procedure was repeated using double amount of the previous dose (1000 mg/kg body weight) of the extract and fractions.

Phytochemical Analyses
Determination of total phenolics in GP fractions

Total phenolic content of the 3 fractions (EAF, n-BF and AF) of 25% EE of GP was determined using the Folin-Ciocalteu reagent method. Briefly, 0.4 ml (1 mg/ml) of each fraction was pipetted into test tubes and 2 ml (10% v/v) of Folin-Ciocalteu reagent was added to the extract sample. Five minutes later, 1.6 ml (7.5%) of sodium carbonate solution was added into the sample. The sample mixture was then incubated for one hour at room temperature, and the absorbance was measured using Perkins Elmer UV-Visible spectrometer (California, USA) at 760 nm. A series of standard gallic acid solutions (20–200 µg/ml) were prepared, absorbance was measured at the same wavelength and these data were used to plot the calibration curve. The total phenolic content was calculated as µg/ml of gallic acid equivalent of extracts. All samples were analysed in triplicates.

Determination of total flavonoids in GP fractions

Total flavonoids of the 3 fractions (EAF, n-BF and AF) of 25% EE of GP was determined using the aluminium chloride colorimetric method. Briefly, 1.5 ml of each fraction solution was added to a test tube and was mixed with 1.5 ml of 2% aluminium chloride solution prepared in methanol. The absorbance was measured at 415 nm after 10 minutes of incubation at room temperature using a double beam Perkins Elmer UV/Visible spectrophotometer (California, USA). The flavonoid content of the extracts was calculated in µg/ml as quercetin equivalents by using the equation obtained from the quercetin calibration curve. The calibration curve was constructed using six different concentrations (3.125–100 µg/ml) of quercetin solution prepared in methanol. All samples were analysed in triplicates.


Statistical Analyses

The results were expressed as the mean±SE. Statistical significance determined by a one-way analysis of variance (ANOVA) and the post hoc test – least square difference (LSD) test. Differences were considered significant at p<0.05.

RESULTS

Acute Toxicity Effect

The results obtained from the acute toxicity study conducted according to OECD guidelines 425 revised up-and-down procedure indicated no treatment-related mortality at 2000 mg/kg or throughout the 14-day observation period. Both treated and control rats successively increased their weight, and the increases in the test groups at each point were not statistically significant when compared to the control (data not shown), indicating that the extract did not adversely affect the growth of the animals.

Additionally, there were no significant changes observed in the behaviour of the animals, such as apathy, hyperactivity and cramps. In addition, there were no significant changes in the nervous system or brain impairment, breathing or eye movement, within the study duration. Serum biochemical markers of liver and kidney functions and haematological indices measured at the end of the 14 days (data not shown) also indicated that a maximum dose of 2000 mg/kg of GP did not cause any evident toxic signs of necropsy in the liver, kidneys or haematopoietic system of the test rats. Hence, the extract can be considered non-hepatotoxic, non-nephrotoxic and non-haematotoxic at an acute dose.

From these results, it can be concluded that 25% EE of GP is safe with no observed acute toxicity effects. Therefore, the oral lethal dose (LD50) for the female rats is greater than 2000 mg/kg.

Sub-chronic Toxicity Effects

The 28-day administration of graded doses of 25% EE of GP (250, 500 and 1000 mg/kg) were intended to assess the possible cumulative effects on vital organs and tissues including the liver, kidneys and blood elements. Within the 28 days, no abnormal behaviour, disease or death were observed in both male and female rats that received the plant extract.

Body Weight and Relative Organ Weight

Figure 1 shows the observed changes in the experimental animals’ body weight within the 28 days. Although the animals recorded a body weight gain at the end of the 28 days, the gain in weight was not significant in the treatment groups compared to their respective controls. Compared to the controls, the extract had no effect on the ROW of the treated rats (data not shown). Moreover, it was observed that the sex of the animals and the dose of the extract used had no significant effect on both the absolute and relative weights of the organs. Therefore, the extracts have no observable toxic effects on the internal organs of the animals.
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Figure 1: The body weight of control and treated rats measured during and at the end of the 28-day sub-chronic toxicity study. Values are expressed as the mean±SE (n = 5).



Liver and Kidney Profiles

Tables 1 and 2 show liver and kidney profiles of the respective male and female rats administered 250, 500 and 1000 mg/kg extract of GP for 28 days. From the results, the extract did not cause any significant effect on the activities of aspartate transaminase (AST) and alanine transaminase (ALT), cardinal markers of hepatocellular function, when compared to their respective controls. The subchronic oral doses of 25% EE did not result in any significant changes in alkaline phosphatase (ALP) activity in any of the treated groups compared to the controls. The measured levels of total proteins, albumin and globulin in the treated groups were not significantly different from those in the control groups in both sexes. Similar to liver profile, the levels of serum creatinine, urea, uric acid and electrolytes of the treated rats were also not significantly altered compared to the control groups after the 28-day treatment. Overall, the biochemical data suggest that the 25% EE of GP may be non-hepatotoxic and non-nephrotoxic at the doses used.

Haematological and Immunological Indices

The effect of the 25% EE on haematological indices after extract administration for 28 days was also evaluated in female and male rats (Table 3). The measured indices, including haemoglobin (HB), mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC) and red blood cells (RBC) did not produce any significant effect in the male and female treated groups compared to the controls irrespective of the extract dose used. The differential WBC and platelet counts in female and male treated rats also were not significantly altered compared to the controls at any of the three doses used, indicating that the 25% EE of GP did not cause any haematological or immunological defects after 28 days of administration.

Acceptable Daily Intake (ADI)

From the acute study data, it was concluded that the LD50 of the 25% EE of GP exceeded 2000 mg/kg accordingly, the extract dose of 1000 mg/kg used in the antidiabetic study was within the no-observed-adverse-effect-level (NOAEL), which is defined as the maximum dose of a substance found to have no adverse effects on the test subject. Given that the NOAEL was derived from studies conducted in mammals exposed to the substance via oral routes including gavage, the acceptable daily intake (ADI) equals the product of multiplying 1/100 (safety factor) of the NOAEL given in milligrams of extract per day per kilogram of test species weight (mg/kg-d) by the average weight of an adult human of 70 kilograms (kg): ADI = 1000 × 1/100 = 10 mg/kg; for a 70 kg adult human, ADI = 10 × 70 = 700 mg/kg/day. Since 1 g of dried leaves yielded 252 mg of 25% EE (i.e., 25.2% yields) 700 mg of the extract will be contained in 2.78 g of dried leaves of GP.

Table 1: Serum biochemical indices of male rats treated with 25% extract of GP recorded at the end of the 28-day sub-chronic toxicity study.



	Parameters measured
	
Study groups





	
Control


	
250 mg/kg


	
500 mg/kg


	
1000 mg/kg





	Liver profile
	AST (U/l)

	168.0±21.0

	166.0±19.0

	170.8±17.3

	165.4±15.3




	
	ALT (U/l)

	73.5±11.2

	75.5±10.3

	72.0±11.3

	73.4±10.3




	
	ALP (U/l)

	210.0±23.4

	213.0±18.3

	210.4±15.3

	217.0±17.3




	
	GGT (U/l)

	<4.0

	<4.0

	<4.0

	<4.0




	
	Total protein (g/l)

	66.0±8.2

	66.0±10.3

	69.5±8.3

	68.0±7.3




	
	Albumin (g/l)

	11.3±1.8

	11.3±2.4

	11.6±3.3

	12.0±2.9




	
	Globulin (g/l)

	54.7±8.2

	54.7±7.2

	57.6±9.3

	56.0±8.9




	Kidney profile
	Ca (mmol/l)

	2.7±0.4

	2.4±0.3

	2.6±0.3

	2.7±0.1




	
	Na (mmol/l)

	141.5±13.2

	141.5±11.4

	143.8±17.2

	144.0±18.3




	
	K (mmol/l)

	5.8±1.4

	5.8±1.7

	6.5±2.2

	6.9±1.5




	
	Cl (mmol/l)

	103.0±10.3

	113.0±9.4

	108.3±10.9

	112.0±11.8




	
	Phosphorus (mmol/l)

	2.3±0.3

	2.2±0.5

	2.9±0.4

	2.5±0.8




	
	Creatinine (µmol/l)

	45.6±4.3

	45.6±6.3

	48.3±4.3

	45.6±9.4




	
	Urea (mmol/l)

	9.3±2.3

	9.3±3.0

	8.3±2.9

	8.4±2.4




	
	Uric acid (mmol/l)

	164.0±19.2

	161.0±17.3

	169.9±18.3

	166.6±18.9





Note: Values expressed as the mean±SE, n = 5; GGT – γ-glutamyl transferase

Table 2: Serum biochemical indices of female rats treated with 25% extract of GP recorded at the end of the 28-day sub-acute toxicity study.



	Parameters measured
	
Study groups





	
Control


	
250 mg/kg


	
500 mg/kg


	
1000 mg/kg





	Liver profile
	AST (U/l)

	171.5±16.3

	173.5±15.3

	175.5±19.3

	178.3±16.3




	
	ALT (U/l)

	55.3±6.4

	53.8±4.6

	55.0±7.3

	54.3±7.3




	
	ALP (U/l)

	213.5±20.3

	211.2±18.3

	213.0±18.3

	212.7±17.9




	
	GGT (U/l)

	<4.0

	<4.0

	<4.0

	<4.0




	
	Total protein (g/l)

	72.0±8.3

	74.3±8.2

	76.3±7.3

	77.0±7.3




	
	Albumin (g/l)

	18.3±3.2

	17.3±2.3

	17.0±3.7

	17.6±2.9




	
	Globulin (g/l)

	53.8±7.3

	57.0±8.9

	59.3±8.2

	59.4±7.9




	Kidney profile
	Ca (mmol/l)

	2.6±0.3

	2.6±0.9

	2.6±0.7

	2.7±0.7




	
	Na (mmol/l)

	148.8±16.9

	146.8±19.3

	147.7±18.3

	149.0±17.3




	
	K (mmol/l)

	4.9±0.5

	5.1±0.6

	4.9±0.8

	4.5±0.3




	
	Phosphorus (mmol/l)

	1.7±0.4

	1.8±0.3

	1.8±0.7

	1.7±0.4




	
	Cl (mmol/l)

	103.8±11.3

	105.5±9.5

	108.0±8.9

	105.3±9.3




	
	Creatinine (µmol/l)

	53.8±6.4

	55.1±5.5

	54.1±7.6

	53.8±8.4




	
	Urea (mmol/l)

	7.8±2.5

	7.1±1.9

	7.2±2.5

	7.6±1.3




	
	Uric acid (mmol/l)

	173.9±18.3

	172.7±16.3

	173.5±16.4

	174.7±21.3





Note: Values expressed as the mean±SE, n = 5; GGT – γ-glutamyl transferase

Acute Antihyperglycaemic Effect

The 7-hour effect of a single dose (500 mg/kg, 1000 mg/kg or 2000 mg/kg) of 25% EE of GP and fractions prepared from the 25% EE (EAF, n-BF and AF) on blood glucose in SDRs were independently evaluated. Figure 2 shows the effect of the 500 mg/kg dose on measured blood glucose concentration. The 25% EE significantly reduced blood glucose level by 31%, while the EAF, n-BF and AF lowered blood glucose by 41%, 35% and 30%, respectively, after 7 hours (p<0.05) compared to concentrations at outset of administration. Only the EAF could significantly lower blood glucose comparably to metformin treatment after 3 (27%) and 5 (37%) hours (p<0.05).

The 1000 mg/kg dose of EE, EAF, n-BF and AF exerted a maximum reduction of 44%, 27%, 50% and 30%, respectively, in glucose levels at 7 hours after treatment (p<0.05), relative to values obtained at 0 hour (Fig. 3). Conversely, a significant lowering in glucose levels in the EAF-treated group were observed only at the last hour (7th hour), while the other treatment groups showed a significant reduction beginning at the 2nd or 3rd hours following oral treatment. It was also found that the n-BF and AF closely mimic the effect of metformin.

Table 3: Haematological indices of male and female rats treated with 25% extract of GP recorded at the end of the 28-day sub-chronic toxicity study.



	
Sex


	
Parameters measured


	
Study groups





	
Control


	
250 mg/kg


	
500 mg/kg


	
1000 mg/kg





	Male
	WBC (103/µl)

	9.5±2.3

	10.4±1.5

	11.4±1.9

	12.1±2.1




	
	Neutrophil (%)

	21.1±4.5

	26.6±4.3

	25.2±4.3

	23.5±5.3




	
	Lymphocyte (%)

	76.2±12.4

	68.5±10.3

	67.5±9.4

	66.9±9.8




	
	Monocyte (%)

	0.9±0.2

	0.9±0.2

	0.6±0.1

	0.8±0.2




	
	Eosinophil (%)

	1.2±0.9

	1.2±0.8

	1.4±0.8

	2.5±0.9




	
	Basophil (%)

	1.3±0.8

	1.9±0.5

	1.3±0.4

	1.4±0.5




	
	RBC (106/µl)

	8.9±0.9

	8.8±1.2

	9.0±0.8

	9.0±0.8




	
	HB (g/dl)

	16.6±1.3

	16.6±2.1

	16.9±1.9

	17.1±1.8




	
	HCT (%)

	0.7±0.1

	0.8±0.1

	0.8±0.1

	0.8±0.1




	
	MCV (fl)

	87.2±7.4

	86.8±8.3

	88.2±7.5

	87.5±5.3




	
	MCH (pg)

	18.8±1.4

	18.9±0.9

	18.9±0.8

	19.2±1.1




	
	MCHC (g/dl)

	21.3±1.6

	21.8±2.1

	20.9±1.9

	21.3±1.8




	
	PLT (103/µl)

	870.6±190.0

	897.0±201.0

	990.2±180.0

	931.2±250.0




	
	MPV (f)

	6.7±1.4

	6.9±1.6

	7.7±1.7

	7.4±1.3




	Female
	WBC (103/µl)

	10.9±2.9

	10.2±1.1

	11.4±2.1

	10.8±1.8




	
	Neutrophil (%)

	24.9±1.8

	26.3±2.1

	25.9±1.9

	25.5±2.2




	
	Lymphocyte (%)

	70.9±13.4

	68.8±12.6

	65.6±11.8

	69.9±11.3




	
	Monocyte (%)

	0.7±0.3

	0.7±0.2

	0.8±0.4

	0.7±0.2




	
	Eosinophil (%)

	0.9±0.1

	0.8±0.1

	0.9±0.1

	0.9±0.1




	
	Basophil (%)

	2.3±0.5

	1.4±0.9

	1.4±0.8

	1.4±0.7




	
	RBC (106/µl)

	9.2±2.3

	8.8±1.3

	8.6±1.5

	8.5±2.1




	
	HGB (g/dl)

	18.1±2.1

	17.2±1.8

	16.9±1.1

	17.0±1.3




	
	HCT (%)

	0.8±0.1

	0.7±0.1

	0.7±0.1

	0.7±0.1




	
	MCV (fl)

	89.5±8.9

	87.2±7.1

	87.3±5.3

	87.8±6.4




	
	MCH (pg)

	18.6±2.7

	17.4±2.9

	17.2±2.5

	17.8±2.4




	
	MCHC (g/dl)

	19.2±2.1

	18.2±3.1

	18.4±2.8

	18.9±2.7




	
	PLT (103/µl)

	1123.0±230.0

	1066.0±232.0

	978.0±288.0

	946.40±244.0




	
	MPV (fl)

	7.3±2.1

	7.2±2.2

	7.2±1.9

	7.1±1.5





Note: Values are expressed as the mean±SE, n = 5; HCT – haematocrit, PLT – platelets; MPV – mean platelet volume

The acute effect of 2000 mg/kg on blood glucose is shown in Figure 4. At this concentration, the EAF and AF were found to exert non-significant lowering of blood glucose levels (10.13% and 8.65%, respectively) when compared to the diabetic control. However, the 25% EE and n-BF significantly reduced blood glucose levels by 18.44% and 13.46%, respectively, after 7 hours compared to the diabetic control. The effect of metformin was 33.01% at the same conditions. Overall, it was found that the 25% EE of GP and the fractions displayed antihyperglycaemic effects under acute conditions. However, this action appears to not depend on the dose administered. Moreover, the effect of the n-BF was more consistent at the three dose levels tested and was therefore considered the fraction with the highest composition of effective antihyperglycaemic bioactives.
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Figure 2: The effect of a single oral dose (500 mg/kg) of 25% EE and fractions of GP on a 7 hour blood glucose level measured in SDRs. Data are expressed as the mean±SE (n = 6); *p<0.05 vs. diabetic control.

Note: DC – diabetic control; MET – metformin
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Figure 3: The effect of a single oral dose (1000 mg/kg) of 25% EE and fractions of GP on 7 hour blood glucose level measured in SDRs. Data are expressed as the mean±SE (n = 6); *p<0.05 vs. diabetic control.

Note: DC – diabetic control; MET – metformin
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Figure 4: The effect of a single oral dose (2000 mg/kg) of 25% EE and fractions of GP on 7 hour blood glucose level measured in SDRs. Data are expressed as the mean±SE (n = 6); *p<0.05 vs. diabetic control.

Note: DC – diabetic control; MET – metformin



Fourteen-Day Antihyperglycaemic Activity

The effect on body weight and blood glucose was also studied following 14 days of repeated oral administration of the 25% EE and fractions at two dose levels (500 mg/kg and 1000 mg/kg) (Figs. 5 and 6, respectively). The EAF was administered at 1000 mg/kg only due to limited yield from fractionation. The body weights of untreated diabetic rats successively decreased over the study duration compared to normal control rats (p<0.05). However, in the treatment groups, after an initial decrease in weight up to day 7, the EE, n-BF and AF treated groups began to gain weight. At the end of the study (day 14), EE recorded 8.3% and 11.3% increases in weight for the 500 mg/kg and 1000 mg/kg doses, respectively, compared to the diabetic control. The corresponding increases in weight were 12.5% and 12.5% for n-BF and 8.7% and 9.6% for AF placing the effect of n-BF comparable to metformin, which exerted about a 13.3% gain (p<0.05). The blood glucose levels measured before, during and after a 14-day repeated oral administration is shown in Figure 6. Blood glucose levels in the untreated diabetic rats successively increased from the outset of experiment (day 0) up to 17.2% and 34.1% on days 7 and 14, respectively (p<0.05), which was also significant compared to the normal control. The intervention groups had varying degrees of successive decreases in weight. Although all treatment groups recorded significant reductions in weight (p<0.05) at the end of study, the effect of the n-BF was the most remarkable. Not only did the n-BF show the highest ability to lower glucose levels, which was dose-dependent (51.2% and 62.0% at 500 mg/kg and 1000 mg/kg, respectively), the effect of this fraction was the closest to that of metformin (63.6%) after 14 days of treatment (p<0.05). Therefore, after 14 days of repeated oral treatment, the n-BF was shown to be the probable fraction with the highest composition of active glucose lowering compounds as in acute antihyperglycaemic experiments.
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Figure 5: The effect of 14-day oral administration of 25% EE of GP and its fractions on body weight in SDRs. Values are expressed as the mean±SE (n = 6); *p<0.05 vs. diabetic control; **p<0.05 vs. normal control.

Note: NC – normal control; DC – diabetic control; MET – metformin






[image: art]

Figure 6: The effect of 14-day oral administration of 25% EE of GP and its fractions on blood glucose level in SDRs. Data are expressed as the mean±SE (n = 6); *p<0.05 vs. diabetic control; **p<0.05 vs. normal control.

Note: NC – normal control; DC – diabetic control; MET – metformin



Total Flavonoid Content

Figure 7 shows the total flavonoid content of the fractions obtained from the 25% EE of GP. Flavonoids were present in all fractions studied. However, the total flavonoid content of the n-BF was found to be 62.90% and 79.68% higher than that of the EAF and AF, respectively.
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Figure 7: Total flavonoids, measured as quercetin equivalents (µg/ml), in fractions prepared from 25% EE fractions of GP. Values are presented as the mean±SE; n = 3 replicates.



Total Phenolic Content

The composition of phenolics determined in the fractions obtained from the 25% EE of GP is shown in Figure 8. The results indicate that phenolics are present in all three fractions. As in the case with flavonoids, it was also found that the phenolic content of the n-butanol fraction was 61.22% and 49.33% higher than that of the EAF and AF, respectively.
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Figure 8: Total phenolics measured as gallic acid equivalents (µg/ml) in fractions prepared from 25% EE and fractions of GP. Values are presented as the mean±SE; n = 3 replicates.




DISCUSSION

Until a radical cure is found for diabetes mellitus, exploring botanical flora to identify potentially new and active agents to treat diabetes is necessary. From empirical data, it was found that a plant in the Malaysian ecosystem, GP, is likely to contain active antidiabetic agents. Therefore, in a preliminary study, we conducted a hypoglycaemic and antihyperglycaemic activity screening of sequential ethanol-water ratio extracts from this plant (Algariri et al. 2013). It was found that the 1:3 ethanol-water (25% ethanol) extract recorded the highest effect on glucose reduction both in a tolerance test and in diabetic animal models.

Although there are previous reports on the safety of the methanol (Rosidah et al. 2009) and the 95% EEs (Hayouni et al. 2007) from GP, it is possible that the present active extract is not safe. Assuming all extracts are nontoxic can be fatal because the variability in solvents largely determines the chemical composition (Falleh et al. 2012; Sultana et al. 2009) which in turn affects the biological activity and toxicity (Trabelsi et al. 2010), of extracts from medicinal plants.

Female rats were chosen for this study because female animals are generally more sensitive than males (OECD 2008a). In an acute toxicity test, the maximum dose of the extract (2000 mg/kg) did not cause any treatment-related mortality throughout the 14 days of observation. Animal growth rate, hepatic, nephritic and haematopoietic function indices were also not adversely affected, suggesting that the extract is safe with no observed acute toxicity because the LD50 for the female rats is greater than 2000 mg/kg. This observation is consistent with the reports by Mahmood et al. (2010) and Rosidah et al. (2009) although both studies used different extraction solvents and a limit dose of 5000 mg/kg.

To assess the possible cumulative effects of repeated exposure to GP, the extract was administered in three dose levels for 28 days (sub-chronic) and similar parameters as the acute study were analysed as recommended by the revised OECD 407 guidelines. In the current study, all of the rats were alive until the end of the experiment and did not show any symptoms of sickness compared to the normal control rats. The weights of both treated and control rats gradually increased with no significant difference between the groups, suggesting that the extract did not impair growth. Changes in body weight and internal organs are, in general, sensitive and indicative markers of toxicity following exposure to potentially toxic substances (Babayi et al. 2007).

Plant extracts are typical examples of xenobiotics that are biotransformed and prepared for excretion by the liver organ. Therefore, it is important to evaluate biomarkers of liver function to assess the toxicity (Burke 2002) of medicinal plant extracts. The activities of the transaminases, particularly the ALT that is a specific marker for liver injury (Thapa & Walia 2007), and ALP were similar to the control rats following a 28-day administration of the 25% EE of GP. Other liver function and reaction indices analysed were equally not affected by the extract, implying that the extract was non-toxic to the liver and did not cause any necrosis, cirrhosis or cholestasis.


The primary function of the kidneys is the elimination of metabolic waste products from endogenous and exogenous substances (xenobiotics), including plant extracts. In the present study, 28-day administration of GP extract did not cause any observable toxic changes in the measured kidney profile indices, including electrolytes, creatinine, uric acid and urea. On the basis of our observation, GP extract is considered non-nephrotoxic.

The haematopoietic and/or immunological system is also one of the most sensitive target tissues for toxic compounds and is therefore an important index of physiological and pathological status in both humans and animals (Almanca et al. 2011). In the haematological analysis, there were no differences between the extract treated and control rats indicating that a sub-chronic administration of GP extract was unable to elicit any toxic effects on the haematopoietic system. Although the presence of saponins, erythrocyte lysing detergents (Chunlaratthanaphorn et al. 2007), was found in the leaves of GP, erythrocyte counts were not adversely affected possibly due to very low concentration of the saponins or masking of the deleterious action by other bioactive compounds. It is evident from both acute and sub-chronic experiments that the active antihyperglycaemic extract of GP (25% EEs) was found to be safe when administered orally.

Taken together, the toxicity results are consistent with those of a previous study by Rosidah et al. (2009), which reported that administration of the methanol extract from GP leaves at 125, 250 and 500 mg\kg\day for 13 weeks did not produce any toxic changes in general conditions of growth, organ weights, haematological and biochemical parameters. This implies that the differences in extraction solvent did not significantly impact the safety profile of GP leaves.

To further characterise the active antidiabetic compounds in GP, the 25% active extract was further fractionated via liquid-liquid solvent extraction, and the fractions (ethyl acetate, n-butanol and aqueous) were subsequently tested for antihyperglycaemic activity in acute and sub-chronic conditions. The 7 hour effect of a single dose (500 mg/kg or 1000 mg/kg or 2000 mg/kg) of these fractions on blood glucose in SDRs was evaluated. The results indicated that all fractions tested displayed antihyperglycaemic effects under acute conditions. However, the effect of the n-BF was more consistent at the three doses tested, and thus was considered the fraction with the highest composition of effective antihyperglycaemic bioactives. The profound action of the n-BF was also observed in the 14-day antihyperglycaemic study. Not only did the n-BF show highest glucose-lowering action that was dose-dependent in the sub-chronic experiment, the effect of the fraction was the closest to that of metformin. Therefore, the data suggests the n-BF as the fraction with the highest composition of active glucose-lowering compounds. However, our observation slightly disagrees with a previous study by Chong et al. (2012), which indicated that the EAF was the most effective in lowering glucose (60.1%) compared to the n-hexane (29.7%) and n-butanol (33.5%) fractions. This difference could largely be a function of the variation in extraction procedures employed in the two studies. The present study used 25% ethanol for the crude extract preparation and employed heat (45°C) in the maceration process compared to the 95% ethanol used at room temperature by Chong et al. (2012). Moreover, the order of the fractionation was also inconsistent with the present study.

Selective chemical evaluation of the three fractions was then performed to identify the predominant bioactive compounds, and this evaluation found the presence of phenolic compounds and flavonoids in all three fractions. This finding is in agreement with our previous reports that showed that the flavonoids and phenolic compounds were the predominant compounds identified in ethanol-water extracts of GP (Algariri et al. 2013). However, in the present study, the total phenolic and flavonoid composition of the n-BF was found to exceed that of the EAF and AF, which was consistent with the observed antihyperglycaemic activity. The antidiabetic action of several medicinal plants has been attributed to the phenolic and flavonoids contents (Ali et al. 2012). The high composition of phenols and flavonoids in the n-BF of GP may also be responsible for it having the highest glucose responsive action.

CONCLUSION

In summary, the 25% EEs of GP were found to be safe in oral acute and subchronic toxicity evaluations performed in male and female Sprague Dawley rats, with the LD50 exceeding higher than 2000 mg/kg. GP is therefore considered a NOAEL drug with an ADI of 700 mg/kg/day and a safety factor of 100. The n-BF of GP exerted the highest antihyperglycaemic activity, in proportion to the highest phenol and flavonoid compositions. Therefore, the n-BF of GP is a promising potential source for antidiabetic natural products or standardised dosage forms.
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Abstrak: Kami telah menjalankan satu siri eksperimen untuk menguji kecekapan pengiraan dua spesies burung; Corvus splendes (burung gagak) dan Acridotheres tristis (burung tiung biasa). Kedua-dua spesies telah diuji dalam pemilihan tujuh kombinasi makanan yang berbeza dengan menggunakan ulat sebagai pilihan makanan. Kami berpendapat pilihan yang betul berlaku apabila burung memilih kumpulan makanan dengan jumlah ulat yang tertinggi. Keputusan keseluruhan menunjukkan bahawa burung tiung biasa dapat mengira dengan lebih baik (161 pilihan yang tepat daripada 247 pilihan) daripada burung gagak (133 pilihan yang tepat daripada 241 pilihan). Kami berpendapat burung gagak tidak bergantung kepada kepekaan terhadap nombor semasa memilih makanan. Burung gagak kebanyakannya memilih cawan yang mempunyai pilihan makanan yang lebih banyak tetapi kami mendapati bahawa daripada tujuh kombinasi makanan, hanya satu kombinasi adalah bererti. Sebaliknya bagi burung tiung biasa pula, ia menunjukkan prestasi yang perlahan pada permulaan eksperimen tetapi semakin progresif dalam aspek pengiraan sehingga ke akhir eksperimen (empat dari tujuh kombinasi makanan adalah bererti).

Kata kunci: Burung Gagak, Burung Tiung Biasa, Kebolehan Mengira, Perlakuan, Peka Nombor

Abstract: We conducted a series of experiments to test the numerical competency of two species of birds, Corvus splendens (House Crow) and Acridotheres tristis (Common Myna). Both species were allowed to choose from seven different groups of mealworms with varying proportions. We considered the birds to have made a correct choice when it selected the food group with the highest number of mealworms. Our overall results indicated that the Common Myna is able to count numbers (161 successful choices out of 247 trials) better than House Crows (133 successful choices out of 241 trials). We suspect that House Crows do not rely on a numerical sense when selecting food. Although House Crows mostly chose the cup with more mealworms (from seven food item proportions), only one proportion was chosen at rate above random chance. The Common Myna, however, were slow performers at the beginning but became increasingly more capable of numerical sense during the remainder of the experiment (four out of seven food proportion groups were chosen at a rate above random chance).

Keywords: House Crow, Common Myna, Counting Ability, Behaviour, Number Sense

INTRODUCTION

Numerical knowledge refers to the ability to count objects and to understand the relationship between numbers in small or large amounts. This trait of numerical competence is found only in adult humans and consists of a variety of precise, stimulus-independent, numerical capabilities. Shared numerical competence, however, consists of a variety of approximate, stimulus-dependent, numerical capabilities, and is found in non-human animals, human infants and human adults (Katz 2007).

According to Tennesen (2009), number counting by animals may be an innate ability. Even without using actual numbers, animals can count and sum sets of objects. However, because they do not possess the linguistic sense of numerals, animals are not able to count verbally. Instead, the ability to count may have evolved for territorial animals as a way of determining whether to stay in an area by estimating the time invested to find food versus the amount of food found (Tenessen 2009).

The exact process of counting among non-human animals is still unclear and controversial. Most of the basic calculations for the counting ability of nonhuman animals follow Weber’s Law. This law states that as numerical magnitude increases, a larger numerical difference is needed to obtain the same level of discrimination (Hunt et al. 2008). For example, most animals could differentiate the magnitude difference between one versus two or two versus three but will have difficulty comparing five versus six or six versus seven. Subitising is a numerical process that allows the observer to rapidly and accurately understand the number of small sets of objects, usually within the range of 1–4 items (Piazza et al. 2002; Balakrishnan & Ashby 1992; Kaufman et al. 1949). Counting is when enumeration is slower and is more prone to errors when more than four items are involved (Egeth et al. 2008; Piazza et al. 2002).

In recent years, the study of counting and other related numerical skills has been investigated across a wide range of non-human species. Studies have shown the potential for numerical discrimination in a variety of species ranging from honey bees (Dacke & Srinivasan 2008) and monkeys (Addessi et al. 2008) to ants (Reznikova & Ryabko 2011). Non-human primates have shown a more advanced numerical skill set compared to other animal species (Tomonaga 2008). Birds are considered promising subjects for the study of numerical competency based upon previous experiments (Shaw & Clayton 2012; von Bayern & Emery 2009; Hunt et al. 2008) that showed they possess abilities that were once considered unique to primates (Scarf et al. 2011).

Because corvids are famous for their intelligence and boldness, they have garnered much attention and interest from the scientific community. For example, corvids are capable of using and making tools to catch prey (von Bayern et al. 2009). Corvids will use sticks (and sometimes even modify a stick) to acquire bugs or other food from crevices and small cracks (Kenward et al. 2006). When necessary, corvids have even been known to successfully bend a piece of wire into a hook to obtain their food (Weir et al. 2002). Some corvid species, such as the common raven (Corvus corax) (Bugnyar et al. 2007), have solved the challenging task of keeping track of a moving object, a skill similar to that observed in human infants. Despite known as a fast-learning and intelligent bird species (Yosef et al. 2012), little is known about the ability of corvids to quantitatively judge inequality, and whether these numerical judgements in wild animals have any adaptive significance is still unclear (Hauser et al. 2000).

Starlings are another bird group considered to be intelligent due to their ability to recognise trees and people in pictures and also due to their vocal identification signalling (Kak 2000). Heptonstall (2010) stated that some species of starlings [in particular, the Common Hill Myna (Gracula religiosa)], also have the ability to mimic human speech as well as other environmental sounds.

Corvus splendens (House Crows) and Acridotheres tristis (Common Myna) are considered nuisance and pest species and are usually associated with a dirty environment and noise pollution. Both of these starling species are found in Malaysia and Pulau Pinang. The main objective of this study was to evaluate the numerical competency in two species of birds, C. splendens (Family: Corvidae) and A. tristis (Family: Sturnidae).

MATERIALS AND METHODS

The Common Myna is a small bird species with very distinct features. The body is brown with a greyish-black hood, whitish vent, and a yellow bill and facial skin. The House Crow is slightly bigger than the Common Myna and is black with a sharply contrasting, pale grey collar. The bill of a House Crow is shorter and more slender than other species of crows. The Common Mynas were captured using a mist net around the Universiti Sains Malaysia (USM), Pulau Pinang campus. The House Crows were obtained from the local municipal authority, Taman Tun Sardon, Pulau Pinang.

Our experiments were conducted from April 2012 to June 2012 at the School of Biological Sciences (5°21’N, 100°18’E), USM. A total of six Common Myna and six House Crows were used for the experiments. All of the birds were kept in a custom-made cage with a floor area of 12.6 m2. The cage was divided into three sections with the middle compartment designated as the experimental area and the other two compartments as holding cages. The cage was cleaned regularly to maintain a healthy and clean environment for the birds. Both species were fed with similar food and clean water once a day. Outside of the experimental sessions, the birds were fed with white bread, fruits, rice and mealworms. Experimental trials were conducted three times per week on Mondays, Wednesdays and Fridays and lasted from 1600 to 1800. A one-day gap between experiments was allowed to prevent stress on the birds.

We evaluated the birds’ numerical competency using choice-test experiments with mealworms. Each trial was recorded using a Sony Legria video recorder and followed the protocol described by Hunt et al. (2008). For each trial, only one bird was used at a time and each experiment was repeated three times. At the start of the experiment, a bird was released from the holding cage into the experimental cage. The researcher then showed the mealworms to the bird for five seconds before depositing the mealworms into the container cup. The mealworms were placed in two opaque white cup containers measuring 70 × 50 × 97 (mm). Both cups were placed 50 cm apart on a plastic black board. This process was repeated several times to acclimatise the birds to the food dropping process and to the researcher’s presence. The trial was then recorded when the bird was calm and attentive. Two researchers conducted each trial (one to record the trial and the other to put the mealworms in the container) to reduce recognition bias from the birds. The researchers wore a breathing mask, white gloves and a white lab coat, both for the safety of the researcher and to reduce any facial recognition bias from the birds. We then proceeded to test different proportions of food items in the container cups. Seven food item combinations were presented to all 12 birds: 1 versus 3, 1 versus 4, 2 versus 5, 3 versus 7, 5 versus 8, 6 versus 9, and 8 versus 10. These combinations were tested in a random order to control for observational learning behaviour. The left or right orientation of the different number combinations were also randomised to prevent preference bias and to control for observational learning (Hunt et al. 2008).

Initially, most of the birds would perch at the highest position in the experiment cage and observe the researcher’s actions. During the early stages of the trials, both House Crows and Common Myna needed approximately five minutes to choose the food item. However, after several repetitions of these trials, the birds learned to choose a food item within one minute after the trial began. Occasionally, the birds would continue searching for food items in the other cup even after the first selection. House crows produced noisy vocalisation and flew aggressively during the trials, and similar to Medina et al. (2011), they exhibited an agonistic response for the duration of the experiment. However they managed to count or distinguish the number of mealworms in the paper cup. Comparatively, although the Common Myna did produce noisy vocalisations, they were quite passive and calm during the trials. The experimental observations were conducted within a five minutes time frame. If the bird chose the food item with the highest number, it was considered to have made the “correct choice”. The selection of the food item with the lowest number would be considered the “wrong choice”. If the bird did not show any reaction or did not choose any food item after five minutes, the trial was considered a failure and excluded from the analysis. The results were analysed via a binomial test using JMP 10 software (SAS, Petaling Jaya, Kuala Lumpur).

RESULTS AND DISCUSSION

When testing the House Crows, we found that only one (one versus four) out of the seven different food proportion combinations was significantly different, where the birds selected the cup with more mealworms at frequencies above random chance (p = 0.041) (Fig. 1). Overall, the House Crows made successful choices, as shown in Figure 2. These data suggest that the crows are capable of discriminating larger versus smaller numbers because the number of successes exceeded the number of failures (133 successes over 108 failures).

Our results showed that the Common Myna has a better numerical competency than the House Crow. In four out of the seven food proportion combinations (1 versus 4, 2 versus 5, 6 versus 9 and 8 versus 10), the Common Myna made successful choices at frequencies above random chance (Fig. 1). We found that the Common Myna can easily discriminate a larger quantity over a smaller quantity because the number of successful choices exceeded the number of failures (161 successes over 86 failures) (Fig. 2).

Hunt et al. (2008) stated that most animals can differentiate small quantities, but after training (learning, observing and experiencing), animals are also able to distinguish larger quantities. For example, after extensive training, primates have the ability to discriminate more than four items (Beran 2004). The exact numerosity judgment, which is limited to four countable items, has led to the suggestion that different mechanisms may be responsible for the representation of large versus small number sets (Feigenson et al. 2004). In Yellow Mealworm beetle (Tenebrio molitor) males (Carazo et al. 2009), the numerical competence training involved sequentially presenting items but had a set size limit of four items. Similar numerical competency has also been found in Rhesus macaque (Macaca mulatta) (Hauser et al. 2000).

Even though the House Crows only chose one food proportion combination at a rate above random chance, the House Crows often chose the larger of two quantities (133 successes over 108 failures) (Fig. 2). This is similar to the studies by Brannon and Terrace (2000) and by Gallistel and Gelman (2000) that state that exactness in numerical judgments will decrease with increasing magnitude. In our first trial (using a food combination of one versus three items), the crows made more successful choices but at a rate below chance. Unfamiliarity and lack of learning experience, however, might have affected these early trials and may be the reason that the proportion of successful to failed choices was not significant. According to Werdenich and Huber (2006), this could be attributed to the fear of trying something new (neophobia) in the crows. Our results show that crows did not process information about quantity in an efficient manner and perhaps chose the food item randomly. The House Crows might have developed a preferential selection based upon the orientation of the food cups the first time they encountered the larger food portion. A similar result was observed in a study by Willson and Comet (1993) using adult Northwestern Crows (Corvus caurinus), where the birds exhibited individual preferences for sugar and lipid content and the colour of the food. Another possibility is that the crows remembered the first cup they chose and continued to choose the same cup because of observational spatial memory (Emery & Clayton 2004). The crows also have a tendency to select larger food items but to avoid extra energy and greater handling cost, they may strategically choose the cup with the smaller portion (Hunt et al. 2008). We also speculate that the crows could have simply chosen a cup based upon the fact that they knew both cups contained food and it is more beneficial to select the cup nearest to their perching position.

Comparatively, the Common Myna had an impressive number of successful choices – 161 successes and 86 failures (Fig. 2). This indicates Weber’s Law does not apply for the Common Myna. Similar to the House Crows, unfamiliarity and lack of experience could have affected the earliest test (one versus three). However, unlike the House Crows, the Common Myna managed to adapt and learn within a short period of time. The last two proportions tested (6 versus 9 and 8 versus 10) had a significantly higher success count compared to all the other food item proportions. We speculate that this was due to learning between trials. There are other aspects of learning besides habituation and operant conditioning, which are also considered to be part of instrumental (or observational) learning. This instrumental learning was made possible because the experimental test area and the confinement area for the myna was located next to each other. We observed that the Common Myna had the tendency to perform a successful choice after observing another individual bird select a larger over a smaller quantity of mealworms. A similar situation has been previously observed in ducks, where it was shown that they could learn their tasks by observation (Klopfer 1957). The improvement of the Common Mynas’ numerical capacity could also be attributed to the fact that birds can be trained naturally and have the tendency to develop more advanced numerical abilities over an extended period of time (Hunt et al. 2008). Another possible explanation for the excellent performance of the Common Myna is that extensive experience enhances the formation of analogue numerical representations (Tomonaga 2008).

Even though the House Crow is an invasive species in Malaysia (Nyari et al. 2006), both House Crow and Common Myna species are commonly found in Malaysia and especially in Pulau Pinang. Both species of birds can successfully adapt to any environment, including urban developments. Both species are omnivorous where they feed mainly on insects, fruits and grains. Regularly they have been seen to feed on refuse around human habitation too. The ability of these two species to adapt to a new environment as well as compete with each other for resources is an open debate. Our results show that the Common Myna may be more intelligent than the House Crow in terms of counting ability. The Common Myna made 161 successful selections, while the House Crow only made 133 successful selections (Fig. 2). Although both species of birds selected more food items, the House Crow made wrong choices more often (108 failures) than the Common Myna (86 failures).
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Figure 1: Results for (a) House Crows and (b) Common Myna where the total of number of food items used in each trial is on the x-axis, and the percentage of birds choosing the greater number of food items is on the y-axis.
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Figure 2: The number of successes and failures for each food item combination for (a) House Crows and (b) Common Myna.



CONCLUSION

From our observation, House Crows are capable of discriminating a large number of items from a smaller number. Although House Crows were long known as intelligent birds, our results indicate that the numerical learning capacity of the House Crows might be lacking. These results also suggest that the House Crows’ total limit for making numerical discriminations is less than four. However, further studies on the numerical competency of House Crows are needed. Our results provide the field with a better understanding of how animals solve mathematical problems. Based on our results, we suggest that the Common Myna uses memory cognition when counting, rather than subitising. This study also provides evidence that the numerical competency of these birds can be improved by observational learning. Future studies should therefore use different procedures, such as operant conditioning, involving both active and passive reinforcement.
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Abstrak: Asid lemak adalah penting untuk kesihatan manusia dan berguna dalam analisis jaringan makanan marin, namun demikian maklumat tentang organisma pelagik tropikal adalah kurang. Enam spesies ikan pelagik kecil zooplanktivorous (Decapterus kurroides, Decapterus macarellus, Selar crumenophthalmus, Sardinella lemuru, Spratilloides gracilis dan Stolephorus insularis) dan empat mangsa krustasia zooplanktonik ikan tersebut [tiga spesies sergestoid (Acetes erythraeus, Acetes intermedius dan Lucifer penicillifer) dan satu spesies kopepoda kalonoid (Acartia erythraea)] telah dikumpul dari Laut Mindanao, dan kandungan asid lemak haiwan-haiwan tersebut telah diprofil. Profil-profil yang terhasil menunjukkan 17 asid lemak yang spesifik kepada spesies tertentu dan 9 {asid miristik [C14:0], asid palmitik [C16:0], asid stearik [C18:0]; asid palmitoleik [C16:1], asid oleik [C18:1n9c], asid linoleik [C18:2n6c], asid linolenik [C18:3n3], asid eikosapentaenoik (EPA) [C20:5n3] dan asid dokosaheksaenoik (DHA) [C22:6n3]} yang am bagi semua spesies. Analisis kluster dan penskalaan multidimensi bukan-metrik (NMDS) asid lemak telah menunjukkan persamaan yang tinggi dalam profil semua spesies, tetapi kluster yang berasingan telah diperoleh untuk ikan dan zooplankton. Jumlah kandungan n-3 asid lemak spesies makerel (D. macarellus, D. kurroides dan S. crumenophthalmus) menyamai pemangsa Acetes. Kopepoda A. erythraea dan sergestoid L. penicillifer telah menunjukkan nilai nisbah EPA:DHA yang paling rendah, yang besar kemungkinan akibat tabiat pemakanan phytoplanktivorous mereka, namun demikian nilai tertinggi nisbah tersebut dalam Acetes mencadangkan kemasukan detritus tumbuhan dalam diet mereka. Nilai DHA seakan mengesahkan pautan trofik antara kopepoda, Acetes dan spesies makerel.

Kata kunci: Asid Lemak, Jaringan Makanan, Tropikal, Zooplankton, Ikan Pelagik Kecil, Laut Mindanao

Abstract: Fatty acids are important in human health and useful in the analysis of the marine food web, however information on tropical pelagic organisms is scarce. Six zooplanktivorous small pelagic fish species (Decapterus kurroides, Decapterus macarellus, Selar crumenophthalmus, Sardinella lemuru, Spratilloides gracilis and Stolephorus insularis) and four of their zooplanktonic crustacean prey [three sergestoid species (Acetes erythraeus, Acetes intermedius and Lucifer penicillifer) and one calanoid copepod (Acartia erythraea)] were collected from the Mindanao Sea, and their fatty acids were profiled. The resulting profiles revealed 17 fatty acids that were specific to certain species and 9 {myristic acid [C14:0], palmitic acid [C16:0], stearic acid [C18:0]; palmitoleic acid [C16:1], oleic acid [C18:1n9c], linoleic acid [C18:2n6c], linolenic acid [C18:3n3], eicosapentaenoic acid (EPA) [C20:5n3] and docosahexaenoic acid (DHA) [C22:6n3]} that were common to all species. Cluster analysis and non-metric multidimensional scaling (NMDS) of fatty acids indicate a high similarity in profiles in all species, but separate fish and zooplankton clusters were obtained. Mackerel species (D. macarellus, D. kurroides and S. crumenophthalmus) had concentrations of total n-3 fatty acids that match those of their Acetes prey. The copepod A. erythraea and the sergestoid L. penicillifer exhibited the lowest values of the EPA:DHA ratio, which was most likely due to their phytoplanktivorous feeding habits, but the occurrence of the highest values of the ratio in Acetes suggests the inclusion of plant detritus in their diet. DHA values appear to affirm the trophic link among copepod, Lucifer, Acetes and mackerel species.

Keywords: Fatty Acids, Food Webs, Tropical, Zooplankton, Small Pelagic Fishes, Mindanao Sea

INTRODUCTION

Fatty acids are fundamental biomolecules and have been used as trophic biomarkers in marine food web analysis (Elsdon 2010; El-Sabaawi et al. 2009; Hall et al. 2006). The concept is based on the assumption that certain fatty acids, specifically polyunsaturated fatty acids (PUFA), can only be biosynthesised by certain species of phytoplankton and macroalgae and can be traced as essential dietary components to higher trophic levels such as zooplankton (van der Meeren et al. 2008) and fish (Jackson et al. 2007). Fatty acid biomarkers complement the use of carbon and nitrogen stable isotopes (Boecklen et al. 2011) and DNA-based techniques (Traugott et al. 2013) in trophic ecological studies.

Fatty acids, particularly omega-3 types, in many marine food organisms are now recognised as one of the benefits provided by marine biodiversity to humans (Lloret 2010). More attention is focused on two omega-3 PUFA, docosahexaenoic acid (DHA) and eicosahexaenoic acid (EPA), because they are known to be crucial to human nutrition and health as a result of their influence on the proper functioning of cardiovascular, renal, nervous, immune and reproductive systems in humans (Sahena et al. 2009; Crawford et al. 1999). The PUFAs are also important in the growth, feeding and reproduction aspects of the aquaculture (Sargent et al. 2002) and the food supplement industries (Sahena et al. 2009).

Levels of fatty acids can be variable: for example, fish PUFA is usually stored in most organs except during the spawning season, when PUFA is mobilised (Saito et al. 1999). It can also be modified in association with migratory behaviour (Osako et al. 2006). However, high DHA levels may be maintained year-round in some fish species (Osako et al. 2006). Apart from seasonal variation, levels of fatty acids also differ between latitudes, with species from high latitudes having higher amounts of PUFA than tropical low-latitude species (Huynh & Kitts 2009; Garrido et al. 2008).

Most studies on fatty acids in tropical fish have focused on coral reef fish (e.g., Osako et al. 2006; Saito et al. 1999; Belling et al. 1997) and potential species for aquaculture (Mohd Yusof et al. 2010; Ogata et al. 2004). The limited information available for tropical pelagic fishes is confined to species belonging to the Family Scombridae, particularly Thunnus tonggol, Thunnus thynnus, Thunnus alalunga, Thunnus albacares, Euthynnus pelamis, Euthynnus affinis, Auxis rochei and Auxis thazard of the Tribe Thunnini (Osako et al. 2009; Saito et al. 2005), and, recently, the sardine Sardinella lemuru (Khoddami et al. 2009).


Pelagic finfishes contribute significantly to the diet of many people of Southeast Asia [Food and Agriculture Organization (FAO) 2013]. In the Philippines alone, the population relies on marine fish for approximately 50% of their protein, and this reliance could reach up to 80%, particularly in municipal coastal areas (Savina & White 1986). In 2003, pelagic finfishes including tuna, sardines and round scads contributed an estimated total of US$20 million to the Philippine economy [Bureau of Agricultural Statistics (BAS) 2011]. In this study, fatty acids were analysed in six zooplanktivorous small pelagic finfishes and four of their known zooplankton prey collected from the Mindanao Sea, southern Philippines to provide baseline information and infer the trophic positions of these species in the food chain. The association between fish and prey with respect to their fatty acid profiles was analysed using multivariate analysis. Possible feeding habits of the species analysed are inferred using known fatty acid trophic biomarkers.

MATERIALS AND METHODS

Collection of Samples

Samples for this study were collected between April and May 2009 from coastal marine waters off Dipolog City (8.549°N–8.554°N, 123.218°E–123.259°E), which is located on the southwestern part of the Mindanao Sea, Republic of the Philippines. Details of sampled species are shown in Table 1. Fresh samples of six fish species (Decapterus kurroides, Decapterus macarellus, Selar crumenophthalmus, S. lemuru, Spratilloides gracilis and Stolephorus insularis) common to the Mindanao Sea were purchased from local artisanal fishers immediately after landing. All fish species were collected by hook and line, which kept their bodily damage to a minimum. Muscle tissue with intact skin was filleted out from the shoulder to tail of individual fish and immediately placed in sealed Styrofoam containers, frozen at –20°C within 10–15 min and stored at –80°C until lipid extraction. Samples from four individual fish were pooled to represent one composite sample of a species. The calanoid copepod, Acartia erythraea and the sergestid Lucifer penicillifer were collected using a 279 µm mesh (General Oceanics, Florida, USA) conical plankton net with a mouth diameter of 0.32 m and a closed cod-end, which minimises damage to the animals (Omori & Ikeda 1984). Zooplankton samples were collected by horizontal towing for 3 minutes at the lowest running speed (1.5 knots) of a motorised outrigger canoe. Bulk plankton samples, which were dominated by the two target zooplankton species, were carefully filtered through a net with 1 mm nylon mesh. Target species were immediately sorted out, frozen and stored in the same manner as the fish samples. The two sergestid species of Acetes (A. erythraeus and A. intermedius) were collected using a fisherman-designed 4 mm mesh triangular push-net that was mounted astern on a motorised outrigger canoe with the apex of the triangle pointing towards the boat. Acetes collection was achieved by submerging the entire net at a subsurface depth while the canoe ran at its lowest speed. Acetes samples were frozen and stored in the same manner as the fish and other zooplankton samples. All frozen fish and zooplankton samples were freeze dried prior to lipid extraction and fatty acid analysis, which were performed within two weeks after sample collection.

Table 1: Common name, scientific name and mean length of the zooplankton and finfish species analysed in this study.



	Common name
	
Scientific name


	
Length (cm)


	
Number of individuals per sample





	Finfish
	
	
	



	Big eye scad
	Selar crumenophthalmus (Bloch, 1793)

	15.7–18.6

	5




	Mackerel scad
	Decapterus macarellus (Cuvier, 1833)

	13.6–14.9

	5




	Redtail scad
	Decapterus kurroides (Bleeker, 1855)

	10.8–12.6

	10




	Bali sardine
	Sardinella lemuru (Bleeker, 1853)

	10.3–13.8

	12




	Silver-stripe round herring
	Spratilloides gracilis (Temm. & Schlegel, 1846)

	7.9–8.7

	24




	Gold estuarine anchovy
	Stolephorus insularis (Hardenberg, 1933)

	6.9–7.7

	24




	Zooplankton
	
	
	



	Ghost shrimp
	Acetes erythraeus (Nobili, 1905)

	2.0–4.1

	182–195




	Ghost shrimp
	Acetes intermedius (Omori, 1975)

	1.8–2.7

	210–265




	Ghost shrimp
	Lucifer penicillifer (Hansen, 1919)

	0.95–1.10

	490–550




	Calanoid copepod
	Acartia erythraea (Giesbrecht, 1892)

	0.049–0.054

	95–116.6a





Note: Fish length is from tip of snout to the base of the tail peduncle; shrimp length is from the tip of rostrum to the tip of telson; copepod length is from the median anterior tip to the median posterior tip of the prosome; a – values × 1000

Fatty Acid Analysis

Lipids were extracted from a homogenised sample by a modified one-phase chloroform-methanol-water (CHCl3-MeOH-H2O) following the Bligh and Dyer (1959) method. The fatty acid composition of the animals was analysed after saponification and esterification of an aliquot of the total lipid extract. An aliquot of the total solvent extract was treated with methanol-hydrochloric acid-chloroform under nitrogen at –80°C for 2 hours to form fatty acid methyl ester (FAME). Following the addition of water, FAME and free sterols were extracted into hexane/chloroform, transferred to vials, reduced under a stream of nitrogen and stored in chloroform. Identification and quantification of FAME compounds was performed using a gas chromatograph (GC-Shimadzu-148, Shimadzu Corporation, Kyoto, Japan) equipped with a 100 m, 0.25 mm inner diameter SP2560 fused silica capillary column. FAME was detected through a flame ionisation detection system, and retention time and mass spectral data were compared with those of the external standard Supelco 37 Component FAME Mixture (10 mg/ml in methylene chloride) (Sigma-Aldrich, Pennsylvania, USA). The fatty acid profile was determined as FAME concentration, which was expressed as percentage of total fatty acids computed from the conversion of area percentage to weight percentage with correction factors.


Data Analysis

The concentrations of the different fatty acids from two replicate composite samples were computed as average ± standard deviation. The fatty acid profile among species was analysed using log (x+1) transformed values of fatty acid concentrations, and the Bray-Curtis similarity index (average linkage) with the analysis of similarity (ANOSIM) Global R statistic was computed using the PRIMER-E software (Clarke & Warwick 2001). The ANOSIM statistic was used to test the significance of the variation in the structure of the fatty acid profiles of the different species. Non-parametric statistical tests available in SPSS for Windows version 11 software (SPSS Inc. 2002) were used to test differences in fatty acid levels among species (Kruskal-Wallis H test) and between two species (Mann-Whitney U test).

RESULTS AND DISCUSSION

Seventeen types of fatty acids were observed in this study (Table 2). The highest values of total saturated fatty acids (SFAs) were comparable (H = 9.64, df = 9, p>0.05) in all species. The palmitic SFA showed highest values among all fatty acids and this was consistent in all species examined. The two anchovy species (S. insularis and S. gracilis), however, appeared to have the highest levels of palmitic acid (H = 18.73, df = 9, p<0.04). The second most abundant SFA was stearic acid, which was highest among the three scad species (S. crumenophthalmus, D. macarellus and D. kurroides) (H = 18.41, df = 9, p<0.05). These two SFAs have been reported to have the highest concentrations in fishes (Elsdon 2010; Sahena et al. 2009), Acetes (Montaño et al. 2001) and in copepods (van der Meeren et al. 2008). The predominance of both fatty acids has been attributed to their use as a major source of energy for metabolism and growth (Sargent et al. 2002). Hale (1984) reported the highest palmitic and stearic acids concentration for the round scad Decapterus punctatus from the Atlantic Bight and Gulf of Mexico. Turan et al. (2007) reported highest palmitic acid values for anchovy meal from Turkish waters, but their values are two-fold lower than the values in this study. Although they did not explain their findings, Zlatanos and Laskaridis (2007) reported highest levels of palmitic acid in the anchovy Spratilloides gracilis compared to the sardine and picarel fish species examined, and their reported value of 38.85% is comparable to the values reported in this study. Fishes from warm waters tend to show high levels of palmitic and stearic acids compared to those from cold waters. This difference is due to metabolic differences between cold and warm water species, because these fatty acids are not usually subject to differences in diet (Ackman & Eaton 1966 as cited by Huynh & Kitts 2009).

The monounsaturated fatty acids (MUFA) were the third most abundant fatty acids, with highest values for oleic acid (Table 2). This is in agreement with findings in copepod (Olivotto et al. 2010), Acetes (Montaño et al. 2001) and fish fatty acid profiles (Elsdon 2010; Huyn & Kitts 2009; Sahena et al. 2009; Sirot et al. 2008). Oleic MUFA is naturally occurring in large concentrations in many marine organisms, which can also synthesise this MUFA de novo (Sargent et al. 2002). The three mackerel species showed slightly higher amounts compared to the rest of species analysed (U = 83.50, df = 1, p<0.0001). Hale (1984) reported highest levels of the oleic MUFA in D. punctatus, and the values reported are comparable to the values reported in this study. The MUFA were lowest among the small zooplankton species (A. erythraea and L. penicillifer) (H = 18.81, df = 9, p<0.03) which is in agreement with the findings of van der Meeren et al. (2008) where total MUFA is twofold lower in concentration than total SFA and fivefold lower than total PUFA.

Except for A. intermedius, DHA in the rest of analysed species showed the highest concentration among PUFA, followed by EPA (Table 2). Higher EPA than DHA concentrations in A. intermedius may be a species-specific attribute. These two PUFAs are also known as highly unsaturated fatty acids (HUFA). The copepod A. erythraea was found to have the highest DHA concentration, followed by the two Decapterus species, and the third highest was shown in A. erythraeus (H = 18.62, df = 9, p<0.03). Overall, copepods show the highest levels of PUFA, which makes them ideal as live food in fish larviculture (Ajiboye et al. 2010; Sargent et al. 2002). The DHA concentrations in the two Decapterus species were twice as low as those reported by Hale (1984) for the congener D. punctatus. Species differences may explain the contrasting DHA levels of A. intermedius and A. erythraeus (U = 6.00, df = 1, p<0.05), but the levels found in the latter species is comparable to those in Acetes sp. obtained by Montaño et al. (2001). However, in terms of total PUFA, the highest values were shown by the two Acetes species and the copepod A. erythraea, while the lowest values were observed in the anchovy S. insularis and S. lemuru (H = 18.70, df = 9, p<0.03). The low levels in the latter fish species may be explained by seasonality in PUFA levels (Khoddami et al. 2009; Gopakumar 1974). Feeding on copepods by Acetes may explain their highest total PUFA levels (Metillo 2011). The copepod A. erythraea exhibited the highest DHA, which could possibly be traced back to its primary consumer trophic position of grazing on primary producers (El-Sabaawi et al. 2009). The species showed <1 EPA:DHA ratio, which suggests that this species most likely feeds more on flagellates such as pico- and nanoflagellates (Elsdon 2010; El-Sabaawi et al. 2009). Flagellates have been considered to contribute significantly to the diet and elevated levels of PUFA in copepods (van der Meeren et al. 2008). Except for the two Acetes species and all fish species, the two microparticulate feeding copepod and L. penicillifer have <1 EPA:DHA ratio, which indicates a feeding ecology traceable to a mainly flagellates-based primary production or the microbial loop system.

Cluster analysis of the relative amounts of these fatty acids showed a high similarity (>80%) among species, but two groups were identified in the dendrogram with one cluster composed of fish and the other of zooplankton [Fig. (1a)]. The latter had higher concentration of PUFA than in fish. The two zooplankton sub-groups were composed of two Acetes species and the microparticulate feeding copepod and L. penicillifer, while the three fish sub-clusters comprise of mackerels, anchovies and the sardine species S. lemuru. The non-metric multidimensional scaling (NMDS) output clearly differentiated three distinct groups, which suggest the possible trophic linkage between these groups where the two Acetes species assume an intermediate trophic position between scombrid fish species and small zooplankton [Fig. (1b)]. Acetes are known prey of scombrids (Xiao & Greenwood 1993), while Acetes themselves feed on copepods (Metillo 2011) and possibly on L. penicillifer. The three zooplanktivorous clupeiform fish species are known copepod feeders, and possibly also feed on the larval stages of Acetes. The NMDS plot shows that these fish species are on the same level as the two small zooplankton species. This study demonstrates that fatty acids are useful trophic biomarkers, however other techniques including stable isotopes analysis and DNA-based techniques (Traugott et al. 2013; Boecklen et al. 2011) may also be helpful as alternative approaches in elucidating trophic linkages among species analysed in this study.


[image: art]

Figure 1: Multivariate analysis output of the fatty acid profiles of the six fish and four zooplankton species analysed in this study: a) Bray-Curtis dendrogram for the fatty acid profiles with highly significant ANOSIM Global R statistic; b) NMDS plot with excellent goodness of fit (stress = 0.07) (species codes: Slem – Sardinella lemuru, Sins – Stolephorus insularis, Sgra – Spratilloides gracilis, Dmac – Decapterus macarellus, Scru – Selar crumenophthalmus, Dkur – Decapterus kurroides, Aery – Acetes erythraeus, Aint – Acetes intermedius, Aert – Acartia erythraea, Lpen – Lucifer penicillifer).



Table 2: Mean (±SD) concentration (% of total fatty acids) of fatty acids in the four zooplankton and six small pelagic finfish species.

[image: art]

Note: SFA = saturated fatty acid; MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty acid; EPA = eicosapentaenoic acid; DHA = docosahexaenoic acid; ND = not detected; trace = <0.001%; a = crumenophthalmus; common names of species are in parenthesis


CONCLUSION

Fatty acid profiles are similar among species but specific fatty acid types and their relative concentrations differed among species. Palmitic and stearic SFA fatty acids were highest in anchovy and scad species, respectively. Oleic MUFA was highest in scad and lowest in zooplankton. The DHA PUFA was highest among zooplankton, Acetes and scad. Ratios of EPA:DHA may be useful in deducing the trophic linkage among species in support of the use of fatty acids as trophic biomarkers.
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