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Abstract

Marine environments are facing several threats from climate change.  The threats include changing salinity, temperature and acidity. Changes in these environmental aspects can have an influence on individual foraging and patterns of growth in marine fish and ultimately entire food webs. Understanding the foraging biology of marine fish is important because their feeding habits and their diet selection are vital characteristics of trophic relationships in marine ecosystems.  In this thesis, I explored the food web structure of the Arabian Gulf Marine Fishery, the growth rate of estuarine threespine stickleback (Gasterosteus aculeatus) fish, and their diet choice.  The focus for all three studies was the potential threat caused by the elevation of salinity, temperature and associated changes in productivity and diet.
In Chapter 2, I present a study on diet selectivity in larval and juvenile G. aculeatus along a salinity gradient of how this environmental parameter along with temperature, prey species richness, prey diversity and productivity affected the diet choice of these fish. I found that prey selectivity, which I defined as the difference between size in gut and size in pond, declines with salinity but that selectivity was unaffected by temperature, productivity, prey species richness, and prey diversity.
In Chpater 3 I present a study of how salinity, temperature, productivity and zooplankton food size affects the growth rate of larval and juvenile threespine sticklebacks.  I found that salinity, zooplankton prey size and zooplankton species richness all affected the growth rate of these fish, while no effect was observed for temperature, productivity and other features of the environment.
In Chapter 4 I present the largest marine food web ever constructed, for the Arabian (=Persian) Gulf.  The Arabian Gulf is experiencing increased salinity in spawning ground areas due to alterations of freshwater influx.  I examined the structure of this community in comparison to other previously reported marine food webs and found it to be similar.  I also explored how the structure of the food web changes when only species were considered (taxonomic food webs) versus of the consideration of life stages as species (disaggregated food webs).  I also explored the impact on the food web structure due to the removal of all commercial species from both webs.  One of the major findings was that copepods, mainly calanoids, were the most common prey. Thus, their productivity is vital to the fishery.
My work in this thesis on larval and juvenile fish growth and on diet choice shows that larval and juvenile fish are sensitive to the changes in environmental parameters, particularly salinity.  My work also shows that calanoid copepods are a major prey in a large fishery.  In general, this suggests that it is very important to understand the sensitivity of larval and juvenile fish to environmental characteristics and the management of their prey (e.g. copepods).


Chapter 1. General Introduction

1.1. Overview
Fisheries have dramatically changed the structure of marine ecosystems (Dayton et al. 1995, Pauly et al. 1998, Myers and Worm 2003). Recent analyses of fishing impacts may underestimate the extent of these changes because the analyses are based on time-series that started after exploitation (Baum and Myers 2004) or because few non-fished (control) sites are now available for study and such areas are often of small scales (i.e. individual reefs) rather than whole ecosystems (Jennings and Kaiser 1998, Jackson et al. 2001).  The potential, unexploited abundance of fish communities is also not necessarily similar to the historically observed status because climate has also changed over time (Walther et al. 2002). Of course, it is unlikely that ecosystems today would always revert to historic states if fishing were terminated, such as the occurrence of phase shifts because the environment is basically different from the one existed prior to human exploitation (Daan and Richardson 1996, Muller-Fuega et al. 2003). 
Thus, fitting models to time series data (minimizing the difference between the predictions and observations) are needed to understand the effect of fisheries exploitation on the marine food web and to understand the function of the food web with respect to fisheries resources’ management. Methods that help make this possible include estimation of the predator-prey mass ratio; establishing relationships between the slope of abundance-body mass relationships (= size spectra; quite a specific type of  abundance-body mass relationship) and linking both of these to foraging biology and the efficiency of energy transfer through the food web (Brown and Gillooly 2003). 
 These tools are drawn from food web and foraging biology. In many marine habitats, plankton are selected by predators according to size and type (Fuiman and Werner 2002, Urho 2002). These links between foraging biology and food web structure seem obvious, but are not well documented, particularly in marine systems. The early stages of fish larvae are often no larger than the plankton, and their growth and survival to larger sizes and piscivorous positions in the food web rely on this feeding stage. Therefore, it is important to understand the foraging biology of these larvae (Lehtiniemi et al. 2007) as well as their transitions through the size spectra (Sheldon et al. 1986, Dickie et al. 1987). 
Beside prey size, foraging by predators is also affected by other combination of factors such as high resource availability, low predation pressure, as well as suitable environmental parameters such as salinity (Nixon and Oviatt 1973, Weinstein 1979, Weinstein et al. 1980, Boesch and Turner 1984, Rountree and Able 1992, Kneib 1997, Able and Fahay 1998, Simenstad et al. 2000, Nemerson and Able 2004, Mendes et al. 2014). Sessile fauna that may offer prey for juvenile fish also differ along the salinity gradients running from the ocean to the head of the estuary (Gunter 1956, Boesch 1977, O’Neil and Weinstein 1987, Sarre et al. 2000). Similarly, in spatial terms within estuaries, mobile potential prey, predators, and competitors vary (Gunter 1956, Weinstein et al. 1980). According to this variability, it should be expected differences in resource consumption, growth, and survival are likely to occur, with regions within the estuary that contribute different quantities and possibly sizes of newly young fish at the end of the nursery period (Nemerson and Able 2004). In addition, several studies have shown that potential predators on juvenile fish, including larger Cynoscion regalis, Pomotomus saltatrix, Morone saxatilis, and Paralichthys dentatus, are generally more abundant in the more saline parts of estuaries, and therefore, the predation rates may be higher in these areas compared to lower salinity areas (Weinstein and Walters 1981, Currin et al. 1984, Rozas and Hackney 1984, Miller et al. 1985, Paperno et al. 2000). 
Salinity and prey were the major factors associated with the distribution of young-of-the-year flounder (Platichthys flesus) in the Lima estuary, north of Portugal, as the newly settled juvenile flounders were restricted to the Lima upper estuary, and fed almost exclusively on the two prey items (Chironomidae and Corophium spp.), which are the most abundant prey at that part if the estuary with lowest salinity of 10.3±10.9 psu  (Mendes et al. 2014). As juveniles grew, their diet became more varied including other prey groups in addition to larger size prey (Mendes et al. 2014). This shows that salinity had affected the distribution of these juvenile fish by hosting their preferred diet compared to other parts of the estuary with higher salinities (Mendes et al. 2014).
The diet of small (60-139 mm) white perch Morone americana fed on various prey across the sampling sites in Delware Bay dominated by mysids (almost exclusively Neomysis americana but other mysid shrimps included as well but in lower percentages), zooplankton (calanoid copepods, decapod zoeae, and cumaceans), crustaceans (mostly unidentified mysis and other crustacean zooplankton that are not covered by the other categories), and insects (all larval and adults insects, almost exclusively dipteran larvae), depending upon site (Nemerson and Able 2004). These prey categories were proposed by Nemerson and Able (2004) based on the most consumed prey species by larval and juvenile fish examined in their study. 
Small white perch consumed similar amounts of crustaceans at all sites (33.7 to 48.7%), while zooplankton consumption was very similar at salinities 7.1 psu and  2.8 psu  (24.8 and 24.7%, respectively), and higher than at either 9.4 psu (10.8%) or at 17.9 psu (0.2%) (Nemerson and Able 2004).  The consumption of mysids was highest at 17.9 psu  (48.3%) followed by 9.4 psu (32.2%), which is largely exceeding that at 2.8 psu (1.3%) and  7.1 psu (3.4%) (Nemerson and Able 2004). Insects were consumed only at 2.8 psu (lowest salinity site), where they constituted 23.4% of the diet (Nemerson and Able 2004). 
The diet of spot Leiostomus xanthurus was strongly dominated by annelids (all oligochaetes and polychaetes) at 17.9 psu (77.9%), but accounted for only 23.9% at 7.1 psu and 31.5% at 9.4 psu (Nemerson and Able 2004). Meiobenthos (harpacticoid copepods, nematodes, and ostracods) were a common prey type at all three sites, although consumption of this category was significantly higher at 7.1 psu (29.2%) than at either at 17.9 psu or 9.4 psu (both 12.4%). Crustacean consumption was significantly higher at both 7.1 psu (19.6%) and 9.4 psu (19.1%) than at 17.9 psu (3.3%). In general, the diet of spot was more diverse at both 9.4 and 7.1 psu sites where it was captured compared to 17.9 psu (Nemerson and Able 2004). Spot was absent at 2.8 psu (Nemerson and Able 2004).  Thus, salinity can have an effect on prey selectivity and predator distribution of juvenile M. americana and L. xanthurus as obviously insects were only selected at low salinity by the former where they were abundant, while mysids were highly consumed at higher salinities (17.9 and 9.4 psu) (Nemerson and Able 2004). The absence of  L. xanthurus from the lowest salinity (2.8 psu) site indicate that these fish do not favour such hyposaline conditions (Powell and Gordy 1980) and the variation of their diet selection for meiobenthos being the highest at 7.1 psu as well as for crustaceans while annelids were extensively and specifically selected by these fish at the highest salinity (17.9 psu) (Nemerson and Able 2004). 
As larvae feed, they will grow. However, such growth cannot be solely related to food without considering the effect of environmental parameters (Munk 2007). Fishery biologists are interested in growth because it is a main constituent of the fishery equations that are used to calculate the yields at various level of exploitation (Bone and Moore 2008). It is not only the numbers of fish that are important (as a result of recruitment and number of fish surviving from year to year) but also the addition to the biomass of stock caused by the growth of individual fish (Bone and Moore 2008).  
 Growth rates are species and environment specific and several features of the environment are key controlling factors: food, temperature, and salinity. Several studies and natural experiments show that food quality (e.g. toxic phytoplankton) severely limits larval growth (Govoni et al. 1986).  Temperature optima are well established for numerous marine species of commercial importance, in the wild and in aquaculture (Houde 1975, Munday et al. 2007).  Salinity optima also exist (Shi et al. 2009) and are an important feature of communities in the context of land use and climate change in the marine environment (Bone and Moore 2008).  Furthermore, growth can depend on intra- and interspecific competition and may therefore be density-dependent (Bone and Moore 2008).  
The salinity in the spawning grounds of Acanthopagrus schlegeli is 34-35 psu (Liu 1978) while data suggest that their optimal salinity is even lower (29-31 psu). Huang et al. (2000) have shown that hatching time in A. schlegeli is directly proportional to salinity as well as the age at hatching and oil globule volume while body length was indirectly proportional to salinity. Furthermore, the growth rate of juvenile Lagodon rhomboids, was highest between 15 and 30 psu while the lowest occurred at 60 and 0 psu respectively (Shervette et al. 2007). Survival also increases proportionally with salinity to 60 psu, where it falls rapidly (Shervette et al. 2007). It has also been reported that there is a positive relationship between salinity and the recruitment of juvenile L. rhomboids in the salt marshes of northern Florida (Subrahmanyam and Drake 1975). These data show that Acanthopagrus spp. and other sparids larvae can tolerate wide range of salinities.
The total length of larval Epinephelus coioides was reported to be inversely related to salinity, in which highest lengths (also higher percentages of rotifers in their guts) were observed at 16 and 24 psu but lowest at 32 and 40 psu (also lower percentages of rotifers in their guts), respectively (Toledo et al. 2002). Average survival was significantly higher at 16 psu (71%) and 24 psu (59%) in comparison to those reared at 32 psu (32%) and 40 psu (11%) (Toledo et al. 2002). Total mortality of larval E. coioides reared at 8 psu was 100% on day 3 and very low survival rate observed at 40 psu on day 4, which indicates that early larval stages had difficulties in adapting to low and high levels of salinity (Toledo et al. 2002). In addition, the survival and the growth of early E. coioides larvae were improved when early nauplii of Acartia or Pseudodiaptomus calanoid copepods were available as food in the tank water, even if their abundance was as low as 100 individuals l-1 when compared to other larvae that fed only on rotifers (Doi et al. 1997). Also, breeding and rearing experiments of the Red Sea grouper Epinephelus polyphekadion showed that the mean survival on day 15 was 82.6 ± 14.02% under high salinity and 53.0 ± 17.51% under low salinity (James et al. 1997). This shows that Epinephelus spp. larvae can also tolerate wide range of salinities and the type of diet has an effect on their growth. 
It has also been reported that the highest value of body weight gain of juvenile red tilapia (Oreochromis niloticus) was 7.6±0.05 g at a salinity of 52 psu and a temperature of 24 °C, while body weight gain value at 28 °C and 52 psu was 6.2±0.21 g, and at 32 °C and 52 psu the weight gain value was 6±0.06 g (Hassanen et al. 2014).  The best survival (90%) was at 28 °C at  42 psu, at 28 °C at  52 psu, and at 32 °C at  47 psu (Hassanen et al. 2014). In addition, the maximum value of feed intake and feed intake/days were observed at 24 °C and 52 psu (the same conditions at which the value of body weight gain was maximum), while the minimum value was observed at 24 °C and 37 psu (Hassanen et al. 2014). This shows that O. niloticus could be reared at high salinities up to 52 psu with a retention at a temperature range of 28-32 °C (Hassanen et al. 2014). 
The effect of salinity on the distribution, abundance, diversity, and habitat selection of fish was reported in different parts of the world including estuaries and lagoons (Marshall and Elliott 1998, Barletta et al. 2005, Cardona 2006, Whitfield et al. 2006, Sosa-López et al. 2007, Barletta et al. 2008, Kantoussan et al. 2012, Mendes et al. 2014). 
A study carried out by sampling at 6 stations from upstream (higher salinity) to downstream near the estuary’s mouth (lower salinity) of Casamance estuary in Senegal, West Africa. Sampling showed that the local species richness observed at the downstream sites (near the estuary’s mouth) was twice the species richness observed at the upstream sites, in which 50 species at 13 km, 21 species at 158 km, and 24 species at 170 km away from the mouth of Casamance estuary, indicating an effect of salinity on diversity as reported by Kantoussan et al. (2012). 
	Abundance of the majority of fish species in Casamance estuary was negatively affected by salinity; among these fish were  Caranx senegallus,  Drepane africana, Pseudotolithus elongatus, and Arius latiscutatus, while the other group of fish consisted of species that seem to be unaffected by salinity with not significant differences in their abundance (Kantoussan et al. 2012). These species were more abundant at lower salinities (Kantoussan et al. 2012). Species in which their abundance was not affected by salinity included Hemichromis fasciatus, Pomadasys perotaei, Liza dumerili, Ethmalosa fimbriata, along with other fish (Kantoussan et al. 2012). A third group of fish, in which abundance was positively affected by salinity included Tilapia guineensis, Sarotherodon melanotheron, Gerres nigri, Mugil cephalus, and Elops lacerta (Kantoussan et al. 2012). These species were more abundant at high salinity (Kantoussan et al. 2012). 
In this context, terminal predators predominated at three downstream sites, representing between 42.4 and 51.2% of the species recorded at these sampling sites of Casamance estuary (Kantoussan et al. 2012). At the upstream sites, except one (located at 158 km away from the mouth of the estuary), primary consumers dominated representing 37.5% of the species found at 130 km and 170 km away from the mouth of the estuary (Kantoussan et al. 2012).  For the three downstream sites, the mean monthly salinity increased from about 40 psu at a distance of 13 km from the mouth of the estuary to 57 psu beyond the other site, which is located 93 km from the mouth (Kantoussan et al. 2012). The maximum mean monthly salinity of 62 psu was observed at a distance of 130 km from the mouth, followed by a slight decrease at the remaining sites (Kantoussan et al. 2012). 
1.1.1. From foraging to food webs
In natural ecosystems, species are connected to each other by feeding links forming a food-web topology that is much more complex than simple food chains (Poulin and Franks 2010). For example, natural food webs have a distinctive predator-prey mass ratio structure (Woodward et al. 2005, Brose et al. 2006a). Across ecosystem types is invertebrate and vertebrate predators are, on geometric average, roughly ten and hundred times, respectively, bigger than their prey (Brose et al. 2006a). Despite some exceptions to this pattern [e.g. naked parasitic protozoa and fungi (Sommer and Stibor 2002), parasites in general, pack hunters and Oncaea “poecilostomatoid copepods” feeding on chaetognaths (Go et al. 1998)] this simple uniformity imposes an allometric (body-mass dependent) structure on the food web: (i) body masses elevate with trophic levels, (ii) species can be ranked on a body mass axis with higher ranked species mainly feeding on lower ranked species, and (iii) the number of resources (i.e. the generality) and consumers (i.e. the vulnerability) elevate and decline, respectively, with the body mass of a species (Otto et al. 2007). It is interesting that this body-mass structure might account for the specific link structure describing who eats whom in natural food webs (Beckerman et al. 2006, Petchey et al. 2008). 
In this context, prey size, along with habitat and environmental characteristics affect larval and juvenile fish foraging and growth as discussed earlier, and thus,  ultimately influence their position in the food web as they feed and grow passing through the different developmental stages/sizes (ontogeny) (Werner and Gilliam 1984, Pimm and Rice 1987, Miller and Rudolf 2011, Rudolf and Lafferty 2011, Preston et al. 2014). For instance, the larvae of the carnivorous orange-spotted grouper, which is of high commercial importance in Kuwait, were reported to feed upon Arcatia nauplii and eggs as well as bivalve trochophores (Doi et al. 1997). As these larvae grow, they shift to larger copepods, mainly Acartia, Pseudodiaptomus and Oithona spp. (Doi et al. 1997). Ontogenetic diet shift is clear in early juveniles, where their diets composed mainly of dinoflagellates and copepods (Grover and Olla 1990, Grover and Shenker 1992) while adults fed mainly on mullets, anchovies, shrimp, crabs and squids (Pauly and Palomares 1987, Grover and Olla 1990, Tharwat and Al-Gaber 2006). Groupers of the genus E. coioides were classified as non-specialist feeders, with shrimp dominating their diet (Hajisamae and Ibrahim 2008). Such type of prey was also common in the stomach of the same genus in the Arabian Gulf (Pauly and Palomares 1987, Tharwat and Al-Gaber 2006, Mohammadi et al. 2007).
The structure and complexity of marine food webs, as well as their sensitivity to climate change are thus another important focus for research in marine ecology, connecting climate (e.g. salinity and temperature) effects on foraging to whole communities (Daily 1997, Worm et al. 2005). Food webs simply describe who eats whom in a community and the number of links along with their distribution, respectively, the complexity and structure of these food web networks.  These two features of food webs have been the main focus of research due to  their connection to major questions in ecology, including for example complexity – stability relationships (May 1972) and keystone species (Paine 1969).  In the past decade, the number of large food webs available for analysis has grown, as have the tools with which to analyse and simulate them (Jennings and Kaiser 1998, Williams and Martinez 2000, Dunne et al. 2002a, 2002b, Jennings and Mackinson 2003, Dunne et al. 2004, Jennings et al. 2007, Blanchard et al. 2009, Williams 2010, Preston et al. 2014).  Therefore, this has facilitated a growing number of comparisons among food webs leading to robust analyses of structural properties that differentiate communities. 
Food webs remain typically constructed using taxonomic species as nodes and this means that they may fail to represent the full set of feeding interactions in a community, typically because the diet of a species changes as that species grows (Werner and Gilliam 1984, Pimm and Rice 1987, Cohen et al. 1993, Miller and Rudolf 2011, Rudolf and Lafferty 2011, Preston et al. 2014).  Therefore,  many organisms that are represented in food webs as dietary generalists at the species level are in fact ontogenetic specialists at the life stage level (Preston et al. 2014).  
Using dynamic aquatic food web stability models, the effect of adding life stages to the food web along with their omnivorous (feeding on multiple trophic levels) behavior on the stability of food webs was tested (Pimm and Rice 1987).  The results of these models regarding life stages was that life history omnivory reduced the stability of the food webs, but much less than omnivory in only adult (single stage) food webs (Pimm and Rice 1987). Such instability was because different life history stages are omnivorous and that resulted in underestimation of the chance of finding stable models as food chains are disturbed by such behavior (Pimm and Rice 1987). Also, the production of young depending on adult numbers (stock-recruitment relationships) affected the chance of finding stable models, in which negative relationships elevated the chance of stability, while positive relationships reduced stability (Pimm and Rice 1987). When life stages were grouped into fewer nodes (aggregation), only 1% of such models showed stability.  In contrast, when life stages were not grouped (disaggregated), 15% of the models showed stability (Pimm and Rice 1987). In addition, predation loops (A eats B, B eats A, or A eats B, B eats C, C eats A) decreased the chance of stability, while loops involving life stages omnivory only slightly reduced stability (Pimm and Rice 1987). Furthermore, if the rate of maturation of young or the age at which adults begin to reproduce is influenced by food supply to the young, then the chance of finding stable models is decreased depending on the availability of food (Pimm and Rice 1987). Also, reproductive effort or maturation rate based on the different food supply was reported to destabilize by the addition of long loops as well, in which adults increase as the prey of the young increase and reproduce more young individuals later (Pimm and Rice 1987). 
Modelling of seven ecological networks to test how stage structure can alter the way complexity affects stability in food webs showed that uniformity of a resource utilization within species is highly unlikely to take place (Rudolf and Lafferty 2011), unlike previous studies, which assumed that all members of a species are identical or at least, variations below species level are irrelevant for the stability of food webs (May 1973, McCann et al. 1998, Dunne et al. 2002b, Ebenman et al. 2004, Brose et al. 2006b). Rudolf and Lafferty (2011) indicated that ontogenetic niche shifts reduce the stability of food webs and alter the relationship between complexity and stability in a way that cannot be predicted by classical non-life stage structured models. This reduction in stability occurs because species with ontogenetic niche shift face much higher risk of secondary extinction at any point of their life (Rudolf and Lafferty 2011).  Species with different life stages appear to be generalist at the species level but, in fact, many species can act as sequential specialists, which are extremely sensitive to the loss of resources at each life stage (Wilbur 1980, Werner and Gilliam 1984, Polis and Strong 1996, Miller and Rudolf 2011, Preston et al. 2014). Such findings are opposite to previously reported results regarding complexity and stability because the food webs in such studies were not stage structured (Borrvall et al. 2000, Dunne et al. 2002b, Ebenman et al. 2004, Eklof and Ebenman 2006). 
	Ecologists have typically represented consumer-resource interactions using arrows and boxes assuming that all individuals inside these boxes are functionally equivalent (Miller and Rudolf 2011). However, these boxes host the life stages, which are a widespread source of heterogeneity inside each of these boxes and that can modify the dynamics of consumer-resource communities (Miller and Rudolf 2011). In fact, stage structure is able to stabilize the dynamics of consumer-resource interactions, build possibilities for alternative community states, adjust conditions for competitors to coexist together, and change the direction and strength of trophic cascades (Miller and Rudolf 2011). 
	In this context, the use of resource can change over the ontogeny of the consumer and interactions between consumers and resources can also differ among the life stages of a resource (Miller and Rudolf (2011). Stage refugia and ontogenetic diet shifts are able to modify the number of individuals within a population that are involved in an interaction (Miller and Rudolf 2011). The presence of stage refugia in the population of the resource establishes a potential for alternative stable community in the presence and absence of consumers, even when the density of the resource is high (De Roos and Persson 2002, Persson et al. 2007). Such discrimination between stage-structured and non-stage-structured models emerges because of the way resource individuals are distributed between invulnerable and vulnerable stages (Miller and Rudolf 2011). 
Thus, ontogenetic niche shifts are a common and important link between the dynamics of various consumers, resources, habitats, and ecosystems (Knight et al. 2005, Schreiber and Rudolf 2008). Stage structure can also promote coexistence, assuming that each species is competitively dominant at different life stages and is limited by the least competitive stage; e.g. each species is limited by a different resource (Loreau and Ebenhoh 1994, McCann 1998, Moll and Brown 2008). In this context, niche space separation could be formed by stage structure between competitors (Miller and Rudolf 2011). The review of Miller and Rudolf (2011) concluded that the consideration of stage structure could lead to different and unexpected outcomes based on the non-stage structured approaches that could even elude researchers.
The consequences of ignoring life stages in food webs was recently highlighted by Preston et al. (2014) through studying the food web of Quick Pond including parasites in San Francisco Bay area, California, USA.  Parasites are extreme ontogenetic niche shifters (Preston et al. 2014) and are often ignored in food web studies (Amundsen et al. 2009). In their recent paper, Preston et al. (2014) constructed food webs including taxonomic species web and life stage web, which included disaggregated nodes for all species with complex life cycles for each life stage. The structure of all these food webs were evaluated with and without parasites (Preston et al. 2014). In the presence of parasites, connectance (proportion of possible links in the food web, C=number of actual links/ number of nodes2) was higher in the taxonomic web compared to life stage web, while linkage density was higher in the life stage web compared to taxonomic web (Preston et al. 2014). Both linkage density (average number of links per species = links/number of nodes) and connectance are measures of food web complexity (May 1972, 1973, Martinez 1991, Dunne et al. 2013). The presence of parasites increased the number of nodes and thus increased the number of links.  Such effects could further add resolution to the food web interactions if presented also as a function of disaggregation of host life stages (Preston et al. 2014).
1.2. Thesis aims 
The aforementioned issues discussed in the introduction raise some interesting questions regarding prey choice by fish and the effect of salinity and other environmental parameters on both prey choice and growth rate and their contribution in the food web, mainly based on their size rather than taxonomic identity. My main objectives were to assess: (1) how environmental parameters, particularly salinity, temperature, productivity, and diet affect feeding selectivity of larval and juvenile fish, particularly the example used in this study, the threespine stickleback (G. aculeatus); (2) how environmental parameters, mainly salinity, temperature, productivity, and diet affect the growth rate of larval and juvenile G. aculeatus in their habitat at certain times of the year; and (3) the joint influence on the structure of a food web of commercial species and larval/juvenile stages, compared to taxonomic identity. These objectives formed the fundamental aims, which are: 
1) To test if feeding selectivity in larval and juvenile threespine sticklebacks is affected by salinity, temperature, and productivity of their habitat over certain period of time (sampling events) and if the type of available food had an effect on the diet selection by the fish in this study during the sampling events (dates where sampling occurred; approximately within two-week intervals) (Chapter 2). 
2) To test if salinity, temperature, productivity, and food (size and variety) had affected the growth rate of larval and juvenile threespine sticklebacks in their habitat during the sampling events (Chapter 3). 

3) To test if life stage (i.e. disaggregation of nodes) are more important in the Arabian Gulf food web compared to taxonomic identity and to understand the importance of commercial species in the food web and what happens if they go extinct due to overfishing, pollution, or because of the dramatic increasing salinity in that region and also to note the most vulnerable species in this food web (Chapter 4).
1.3. Sticklebacks foraging, feeding selectivity, and the effect of salinity

In Chapter 2 of this thesis, based on objective 1, I investigated several aspects of stickleback (G. aculeatus) foraging biology, specifically focusing on larval and juvenile fish. The objective of this study was to test if larval and juvenile threespine sticklebacks exhibit feeding selectivity (defined in this study as the difference in mean prey size consumed by the fish to the mean prey size available in the ponds from where they were collected) and whether this selectivity varies by the physical characteristics (e.g. salinity) of their habitat, the types of food available, and the time in the year. 
The theory of optimal foraging theory has been used to evaluate stickleback foraging and positive correlation between prey and predators’ sizes was observed (Wootton 1976, Kislalioglu and Gibson 1976a, Gibson 1980, Wootton 1984, Kaiser et al. 1992) . In the presence of large and small size Daphina, Sticklebacks tend to favour the larger size prey (Gibson 1980). It is also noteworthy that hungry sticklebacks, according to optimal foraging theory, focus on the densest part of a Daphnia swarm in order to maximize their prey intake (Milinski 1979, Gibson 1980). As the fish become satiated, they start focusing on the stragglers and the peripheral parts of the swarm as their readiness to attack declines (Milinski 1977). 
Selectivity is also observed in sticklebacks, in which by frequent encounter of certain prey, the fish learns how to catch these prey and focus on them later whenever encountered (apostatic selection) (Clarke 1962). For instance, an experiment where threespine sticklebacks were provided a mixture of various proportions of red and pale-yellow coloured Daphnia (Ohguchi 1981). G. aculeatues preferred red Daphnia when present in a percentage between 20 to 80% but pale-yellow Daphnia were preferred when the mixture contained only 12% red Daphnia (Ohguchi 1981). Such an outcome was not expected as the effect of confusion was expected to be greater when the densities of red Daphnia are present in greater abundance and that sticklebacks would switch their preference to the uncommon pale-yellow Daphnia (Ohguchi 1981). It was only at low Daphnia densities that G. aculeatus did not show preference for red individuals even when they were more abundant at low prey densities (Ohguchi 1981). As profitability depends on prey size, handling, and capturing times, the strategy of optimal foraging may either be apostatic selection, or a selection for the odd prey (selection for oddity) available (Visser 1981). Selection for oddity could be optimal in the case if the prey is relatively easy to capture but the costs of confusion are high (Visser 1981). In the presence of low confusion and a difficult to catch or to detect prey, the optimal strategy may require apostatic selection (Visser 1981).
Fish in their natural habitats experience seasonal variation in diet selectivity, mainly based on the type of available prey and ontogeny (Gerking 1994).  Investigation of the ontogenetic and seasonal changes were examined through the feeding ecology of the European pilchard Sardina pilchardus and European anchovy Engraulis encrasicolus in the Gulf of Lions in northwestern Mediterranean (Costalago et al. 2012).
 In summer, adults of E. encrasicolus had mostly consumed cladocerans (37.8%) followed by appendicularians (24.7%), whereas juveniles of this species fed mainly on copepods (35.5%) and cladocerans (33.8%) as well as microplankton (27.1%) (Costalago et al. 2012). The late-larvae of anchovies fed mainly on microplankton (50.2%) and also on copepods (35%) (Costalago et al. 2012). During summer, adults of S. pilchardus had a various diet, with appendicularians (29.2%) being the main prey consumed (Costalago et al. 2012). The diet of juvenile S. pilchardus was mainly composed of cladocerans (36.8%), copepods (33.5%), and microplankton (25.1%) (Costalago et al. 2012). During autumn, the diet of adults were similar to the diet of juveniles for both anchovies and pilchards (Costalago et al. 2012). The primary prey for S. pilchardus were appendicularians being 88% in adults and 82.8% in juveniles, which was also the main prey for E. encrasicolus being 59.4% in adults and 75.4% in juveniles (Costalago et al. 2012). Adults of S. pilchardus and juveniles in winter also showed a diet that was mainly composed of appendicularians being 49% in adults and 58.1% in juveniles, but the primary prey item of fifteen late-larvae was microplankton (56.1%) as reported by Costalago et al.  (2012). Juvenile anchovies in this season fed mainly on microplankton (69%), whereas adult anchovies consumed primarily appendicularians and copepods in similar amounts being 40.8% and 40.7%, respectively  (Costalago et al. 2012).  
In the same context, juvenile black seabream (Acanthopagrus schlegeli) and Japanese seaperch (Lateolabrax japonicas) experienced seasonal variation in their diets in Tolo Harbour in Hong Kong during the year 2000 (Nip et al. 2003). Juvenile A. schlegeli had mainly consumed copepods (77.1%), Podon (17.8%), Penilia avirostris (1.42%) and to more or less similar extent, appendicularians (1.39%) in January, while in February, they mainly consumed copepods (66.4%), Podon (34.3%), and Cypris (1.54%) (Nip et al. 2003). In March, juvenile black seabream fed upon copepods (50.3%), Podon (26.7%), and amphipods (4.24%). In April, they mainly preyed upon Podon (30.7%), copepods (25.2%), and decapod larvae (8.68%) (Nip et al. 2003). As for juvenile L. japonicas, in January they mainly consumed copepods (78.6%), Podon (20%), and decapod larvae (1.38%), while in February they mainly preyed upon copepods (52.6%), Podon (45.4%), and cirripedia nauplii (0.9%) (Nip et al. 2003). However in March, their dominant prey were amphipods (80.4%), copepods (9.8%), and fish (3.92%), while in April juvenile seaperches mainly fed on decapod larvae (44.3%), copepods (21.1%), and Podon (3.9%) but in May they fed exclusively on fish (Nip et al. 2003).
Sticklebacks also experience seasonal changes in diet depending on the prey abundance or availability over seasons (Allen and Wootton 1984). For instance, copepods were observed to dominate the diet in Llyn Frongoch, Wales population of G. aculeatus in spring, late autumn, early and late summer with (to a lesser extent) cladocerans (Allen and Wootton 1984). Mayflies’ nymphs were the most important prey in mid-summer, while algae were eaten in autumn and winter (Allen and Wootton 1984). Cannibalism on eggs was observed in late spring and summer, while chironomoid pupae were only eaten in late spring and summer but their larvae were steadily eaten throughout the year (Allen and Wootton 1984).
	Larval sticklebacks at first exogenous feeding mainly feed on the juvenile stages of copepods and cladocerans (Abdel’-Malek 1968). The diet of fish of less than 30 mm in length was reported to be composed of rotifers, cladocerans (Bosmina and Holopedium), and Epischura (copepod), while larger-than-30 mm-fish tended to prey on Holopedium, Epischura, zooplankton eggs, chironomid pupae (Mullem 1967, Wootton 1984), and fish larvae (Manzer 1976). The changes in abundance of two copepod prey (Diaptomus and Epischura) and two cladocerans prey (Bosmina and Holopedium) in the Great Central Lake were reflected in changes in their importance to the predators (Manzer 1976). This indicates that seasonal changes in diet are linked to seasonal changes in prey availability/density, rather than simply changes in preferences of the predators (Wootton 1984).  In Llyn Frongoch, the stomach contents of G. aculeatus were lowest in winter and heaviest in spring and late summer (Allen and Wootton 1984), while the greatest mean weight of stomach content in sticklebacks of Great Central Lake had been attained in spring and early summer (Manzer 1976). It is also noteworthy that the proportion of fish with empty stomach was highest in mid-summer and lowest in spring and early summer (breeding season) and again low in autumn (Manzer 1976, Wootton 1984). The breeding season requires high energy expenditure by sticklebacks that must be accompanied by a high food intake (Wootton 1984).
Despite the fact that sticklebacks inhabit a wide variety of habitats from large lakes to small streams and to coastal waters, the same prey form the bulk of diet in all these habitats due to the small size of these fish (Wootton 1984). Diet similarity between different stages of threespine sticklebacks does exist (Hynes 1950, Mullem 1967, Manzer 1976, Wootton 1976, 1984). The most important prey include three zooplankton crustaceans (copepods, cladocera, and ostracods); larvae and to a lesser extent the pupae of midges (chironomids); and the aquatic mayfly (ephemeropterans) nymphs (Wootton 1984). Less important prey are also encountered, which are oligochaetes, molluscs, and algae (Wootton 1984). In brackish and coastal waters, G. aculeatus may also feed on amphipods, isopods, and polychaetes (Lemmetyinen and Mankki 1975, Manzer 1976, Wootton 1976, Hennig and Zander 1981). These reports suggest that salinity might have played a role in the diet selection of threespine sticklebacks from freshwater to brackish and to marine habitats. 
The aims in this Chapter are: (1) to assess if larval and juvenile sticklebacks are selective in their prey choice. (2) To test if salinity along with other physicochemical and biological factors had an effect on the diet choice (i.e. selectivity). The term selectivity in this study is defined as the mean prey size consumed compared to mean prey size available in the ponds as the main concern here is the prey size and not the taxonomic identity of the prey and this is the first study of such approach that consider the effect of salinity in relation to sticklebacks (particularly larvae and juveniles) in their natural habitat on their feeding selectivity, particularly in terms of prey size. Such detailed and focused study on the effect of salinity on the diet choice (especially in terms of size) of sticklebacks in their natural habitats has not been reported before and this is important because salinity is an influential factor on fish’s feeding, survival (as explained earlier), and growth (as explained earlier and below) and thus the trophic position of fish in the food web will be affected as well as their recruitment as explained earlier.
1.4. Sticklebacks growth rate in relation diet and salinity
In Chapter 3, based on objective 2, I investigated the effect of salinity, prey species richness, and prey size on the growth rate of sticklebacks (G. aculeatus) in their natural habitats, specifically focusing on larval and juvenile fish. 
Food ration and temperature were reported to positively affect the growth rate of threespine sticklebacks (Allen and Wootton 1982a, Allen and Wootton 1982b) and temperature had a positive effect on the growth rate of this fish despite food (Jones and Hynes 1950, Wootton 1976, Cole 1978, Wootton 1984, Wright and Huntingford 1993). The migration history of threespine sticklebacks was studied using otolith microchemistry based on the strontium (Sr) and calcium (Ca) ratios deposited during certain age and this ratio is positively correlated to the ambient salinity (Arai et al. 2003a, Arai et al. 2003b, 2003c). Salinity was also reported to affect the growth rate of threespine sticklebacks, in which fry hatched at 20 psu experienced lower growth rates at 0 and 7 psu but increased with increasing salinity, while fry hatched at 0 psu exhibited higher growth rates at the aforementioned salinity but decreased with increasing salinity (Belanger et al. 1987). 
Stickleback plate morphology was reported to be generally related to the salinity of the habitat in which highly plated forms inhabits high salinity water bodies while low plated forms inhabit freshwater bodies and plate morphology and salinity tolerance were positively correlated in regions where this generalization is applicable as exceptions to this pattern are found (Crivelli and Britton 1987). However, low-plated sticklebacks that inhabit brackish water part of the year (Crivelli and Britton 1987) or spawn in seawater (Bell 1979) likely have physiological characteristics that are different from those completely or low-plated morphs inhabiting freshwater (Guderley 1994). When completely plated morphs transferred from salt water to freshwater, the gills show morphological changes that enhance the ability of ion uptake by the effective increase of chloride cells in the gills as these cells are responsible for the absorption of monovalent salts in freshwater and the excretion of these salts in seawater and this increase is shown in apical surface area during the transfer to freshwater (Biether 1970). The chloride cells of completely plated sticklebacks show features of typical ion-transporting cells represented by mitochondrial abundance, highly developed smooth endoplasmic reticulum, and functional asymmetry in the cell membrane (Matej 1980). Such features are found in both sea- and freshwater-adapted fish (Matej et al. 1981), in which mitochondrial abundance is higher in seawater-adapted sticklebacks (Biether 1970). Thus, salinity does have an effect on morphological adaptations of threespine sticklebacks. 
In this study I examined the impact of salinity, temperature and food resources on larvae of the stickleback G. aculeatus.  I examined larval and juvenile fish growth along a natural salinity gradient in northeast England, where temperature and other water chemistry features also varied spatially and temporally.  Since the vast majority of the fish in this study are less than 30 mm, plate morphology was not considered as fish below this length do not show complete plate formation; hard to tell to which group (low, partially, or completely) they belong to (Wootton 1976) and not to mention their adaptation to their habitats, which are closed ponds.
Threespine sticklebacks  follow the typical fish life cycle that starts with eggs followed by larvae (after hatching) that grow to be juveniles and then adults, where the fastest changes in body size (growth) occur in the first few weeks of the life of these fish and this is associated with changes in diet (Swarup 1958, Wootton 1984). Generally, growth rates of fish were reported to be specifically high during the first month of life in both natural populations and laboratory cultures (Houde 1989, Conceicao et al. 2010) and this is also applicable to threespine sticklebacks (Wootton 1984).
Temperature is an important ecological factor that has a strong effect on fitness-determining traits such as metabolism, growth, and locomotion performance (Jain and Farrell 2003, Green and Fisher 2004). Animals need move to different temperatures and they also need to eat and, both activities being known to elevate the metabolic rate of organisms independently (Pang et al. 2011). This was reported for many fish (Fonds et al. 1992, Martinez-Palacios et al. 1996, Peck et al. 2003, Person-Le Ruyet et al. 2004, Kausar and Salim 2006, Khan et al. 2014, Kao et al. 2015). 
Juvenile Mayan cichlids Cichlasoma urophthalmus that were exposed to 6 sets of different temperature: 22.5, 25.7, 27.1, 29.7, 33.1, and 36.3 °C, exhibited the following growth rates: 2.42, 6.29, 9.7, 16.77, 27.26, and 21.05 mg.day-1, respectively (Martinez-Palacios et al. 1996). This shows a positive relationship to temperature up to 33.1 °C but then decreased at the highest temperature (36.3 °C) being 21.05 mg.day-1 but higher than under other temperatures (Martinez-Palacios et al. 1996). The food intake rate was also affected positively across temperatures in the case of Mayan cichlids, in which it was 6, 8.5, 12.5, 21.5, 30, and 24.5 mg.day-1, respectively (Martinez-Palacios et al. 1996). Again, like in growth rate, the observed food intake rate was lowest at the highest temperature (36.3 °C) compared to 33.1 °C but higher than that of other temperatures (Martinez-Palacios et al. 1996). Such decrease in the highest temperature (36.3 °C) in both growth rate and food intake rate could be due a stress caused at this temperature and apparently 33.1 °C is an optimum temperature as observed from the aforementioned highest rates of growth and food intake under this temperature  (Martinez-Palacios et al. 1996). 
In this context, metabolism and growth of juvenile European sea bass (Dicentrarchus labrax) of a Western Mediterranean population were assessed at six constant sets of temperatures (13, 16, 19, 22, 25, and 29 °C) in an 84-day trial (Person-Le Ruyet et al. 2004). Mass gain had elevated as temperature elevated from 13 to 25 °C, while at 25 and 29 °C, growth was similar up to day 72, but a 6% decrease was observed by day 84 at 29 °C. Days 0–84 specific growth rates were 0.45%, 1.29% and 1.21% day−1 at 13, 25 and 29 °C, respectively (Person-Le Ruyet et al. 2004). The estimated temperature for maximum specific growth rates was 26 °C. Food intake rate elevated with temperature being 1.45-1.46% day−1 at 25-29 °C and the estimated temperature for maximum food intake rate was 27.5 °C (Person-Le Ruyet et al. 2004). Feeding efficiency ratio averaged 1.01-1.04% at 19-25 °C, but it was lower at 16 and 13 °C (0.9) and maximum feeding efficiency was estimated to take place at 24 °C (Person-Le Ruyet et al. 2004). Juvenile sea bass were reported to cease growing at a temperature range of 11-15°C and grow faster at 22-25°C and lethal limits are estimated to be 2-3°C and 30-32°C (Barnabé 1991). Thus, temperature have a significant effect on food intake rate, growth, and metabolism of juvenile European sea bass and higher temperature can be stressful (Person-Le Ruyet et al. 2004).
The metabolism and food consumption rates are strongly temperature dependent in sticklebacks, therefore, it is a powerful environmental factor influencing the relationship between growth and food consumption (Allen and Wootton 1982a, Allen and Wootton 1982b, Wootton 1984). The rate of food consumption rate elevates with temperature, at least up to some optimal temperature where the rate reaches its maximum level (Allen and Wootton 1982b, Wootton 1984). The effect of temperature on growth and body weight of sticklebacks is directly proportional (Cole 1978). For instance, sticklebacks also experienced a low growth rate at 3°C with a slow food consumption rate while the highest growth rates were recorded at 19°C (Allen and Wootton 1982a). Also, at 7°C, 12.5°C and 20°C the growth rate of sticklebacks weighted 0.500g was 0.007, 0.024 and 0.028 kJ.day-1, respectively as food consumption raised with raising body weight (Cole 1978). In addition, it has been reported that the mean length reached at 20°C was 17.3 mm 29 days after hatching (Mullem 1967). As for the freshwater sticklebacks from the Llyn Frongoch Lake in Wales, the reported mean specific growth rate for length and weight were 0.030 mm.day-1 and 0.095 g.day-1, over 32 days, while the mean specific growth rate for laboratory population was 0.037 mm day-1 over 29 days (Wootton 1984). It has also been reported that fish from a single nest had reached a mean weight of 0.031g and a mean length of 14.8 mm within 32 days (Allen and Wootton 1982a).
Sticklebacks are euryhaline and can be found in typical freshwater environments and in coastal waters experiencing marine salinity level (>35 psu) (Heuts 1945) and even up to 80-100 psu in Lake Techirghiol in Romania (Munzing 1963). The growth rate of G. aculeatus has been reported to be higher at higher salinities (Belanger et al. 1987).   Positive relationships between growth and salinity were also reported for mollies (Poecilia vivipara) in coastal lagoons in the north of the State of Rio de Janeiro in Brazil (Araujo et al. 2014). As for larval groupers and seabream, growth rate varied with salinity in a humped shaped fashion, being highest at intermediate salinities (Toledo et al. 2002, Shervette et al. 2007).   
Salinity tolerance of G. aculeatus fry was tested at various intervals after hatching (Campeau et al. 1984). At 0.7 and 28 psu, one-week-old-fry had significantly higher mortlity compared to 21 psu (Campeau et al. 1984). As for salinity preference for field captured G. aculeatus (mean size = 30±4.6 mm), they showed no salinity preference within the range of 0-28 psu but clear avoidance to 35 psu was observed (Campeau et al. 1984). Also, threespine sticklebacks were reported that they must eliminate excess ions at salinities higher than about 14 psu (Guderley 1992). As for G. wheatlandi fry (mean size = 29±3.7 mm), they preferred salinities of 7 and 14 psu (near isosmoticity) and avoided 0 and 28 psu (Campeau et al. 1984). Salinity tolerance has also been examined in other stickleback species (Nelson 1968). Active feeding in was observed for Culaea inconstans (brook sticklebacks) at up to about 17.5 psu but most feeding had stopped at between 21 psu and 24.5 psu, where all activity had stopped (Nelson 1968). A freshwater population of Pungitius pungitius (ninespine sticklebacks) stopped feeding at about 28 psu at 16°C and at about 31.5 psu at 8°C (Nelson 1968). In addition, a freshwater population of Apeltes quadracus (fourspine sticklebacks) ceased feeding at about 38.5 psu at 16°C and at about 45.5 psu at 8°C (Nelson 1968).  
The growth rate of G. aculeatus has been reported to differ between freshwater and salt water populations, being higher and increasing with increasing salinity in fry hatched at 20 psu but decreases in higher salinities in fries hatched at 0 psu (Belanger et al. 1987).   Fry hatched in 0 psu showed higher growth rate at 0 (0.285 mm.day-1) and at 7 psu (0.364 mm.day-1), but decreased at higher levels being, 0.344, 0.34, and 0.22 mm.day-1, at 14, 21, and 28 psu, respectively and higher mortalities were observed at 0 and 28 psu (Belanger et al. 1987). As for fry that were hatched at 20 psu and reared in 0, 7, 14, 21, and 28 psu salinities, they showed an increase in their growth rate with increasing salinity being 0.12, 0.32, 0.346, 0.392, and 0.46 mm.day-1, respectively (Belanger et al. 1987). 
Here I present data on three wild populations of sticklebacks.  I collected fish from a low, moderate and high salinity environment at 5-6 time points through the breeding season.  Using their otoliths, I back-calculated the growth rate of all of the fish, and related this growth rate to several physical and biological characteristic of the ponds, including salinity, temperature, productivity, and zooplankton abundance.
The difference between this study and previously reported studies about feeding, environmental factors, and their effect on the growth rate of sticklebacks is in the combination of approaches used here to investigate the growth rate of larval and juvenile threespine sticklebacks G. aculeatus in their natural habitats in relation to salinity and food (availability and size), in particular the use of otoliths to back-calculate their growth rate. This combination of approaches for natural populations have not been previously reported. Such combination is important in order to accurately determine the growth and factors affecting it in natural populations such as food and physichochemical characteristics. 
1.5. The study systems
1.5.1. Gibraltar Point
 In order to achieve aims/objectives one and two, I collected larval and juvenile threespine sticklebacks (Gasterosteus aculeatus) from Gibraltar Point near Skegness in Lincolnshire (Fig. 1) from May to October 2013 every two to three weeks from three ponds that distinctively vary in salinity from freshwater (Shavalera Pond), medium (Eric’s Pond), and high (Oval Pond) salinities, since this species euryhaline (able to tolerate a wide range of salinity) (Wootton 1984). I have also measured the in situ physichochemical parameters in addition to chlorophyll-a (Chl-a) level (productivity) and zooplankton abundance, species richness, and diversity because zooplankton are the major food of sticklebacks, particularly copepods, cladocerans, and insect larvae (Abdel’-Malek 1968). Fish were dissected for gut content (diet choice) and otolith (growth rate) analyses. Small size fish (< 20) were aimed to be selected most of the time (56.16% of the total examined fish), however sometimes slightly bigger (21-30 mm) fish were encountered but they were less than small fish (35.62%), and only 8.22% of the fish were >31, and they were found in the last sample event in both Eric’s and Oval Ponds. This study aimed to examine the diet choice and growth rate of larval and juvenile threespine sticklebacks, which is why the focus was on small fish (< 20) as much as possible. 
1.5.2. Arabian Gulf
In order to achieve aim/objective 3, I constructed the first comprehensive descripton of The Arabian Gulf food web.  The Arabian Gulf (Fig. 2) is located in a subtropical and arid region (Sheppard et al. 2010). It is shallow; maximum depth is a bit more than 60 m; less than half that over most of its depth (Sheppard et al. 2010). The Arabian Gulf experiences both high salinity [>39 psu is found in most waters of the Arabian Gulf (Sheppard et al. 2010)] and high seawater temperature [could reach up to 32.40°C in Kuwait (Al-Yamani et al. 2004)]. In comparison to other salinity regimes elsewhere, the Arabian Gulf is considered to exhibit quite high salinity after the Dead Sea (350 psu) (Al-Yamani et al. 2004). The subtropical location of the Arabian Gulf indicates that it is warm enough to shelter a wealth of tropical biota both intertidally and subtidally, but its high-latitude location results in significant seasonal insolation fluctuations (Kleypas et al. 1999) combined with atmospheric dynamics driven by cold winds these result in a pronounced magnitude of summer/winter temperature differences (Sheppard et al. 2010). 
The Arabian Gulf has an average salinity of 34.5-42.25 psu (Alessi et al. 1999). While nowhere near as high as the Dead Sea (350 PSU; Al-Yamani et al. 2004), development of hydroelectric infrastructure in Iran and Iraq is increasing salinity along many coastal spawning grounds for commercial fish. Dams were and are being built on different parts of Euphrates and Tigris Rivers in Iraq, Syria, and Turkey as well as on rivers in Iran for agricultural and hydroelectrical purposes and that caused an elevation in salinity, especially in the nursery and spawning grounds where the freshwater runs off in the northwestern Arabian Gulf (Al-Yamani et al. 2007). A wide inter-annual range was reported (∼16.5 psu) to exist between minimum mean salinity (24.1 psu in 1996) and maximum mean salinity (40.6 psu in 2000) recorded in Khor Al-Sabiya, which is part of the nursery habitat (Al-Yamani et al. 2007). The mean salinity for the whole region for maximum and minimum salinity during the period 1923-1996 was 42.25 and 34.5, respectively (Alessi et al. 1999) but recently, salinity higher than 39 psu were reported in most waters of the Arabian Gulf (Sheppard et al. 2010) and some parts of the Arabian Gulf, particularly middle and south, had exceeded this salinity to a range of 55-90 psu (Sheppard et al. 2010). 
While precipitation is expected to rise slightly in the region (Meehl et al. 2007), the most substantial transition facing the sea is that runoffs from rivers entering from the Shatt Al-Arab are expected to decrease (Milly et al. 2005) leading to a potential rise in salinity. Furthermore, mud flats, many of which are being reclaimed are important nursery ground for some species (e.g. Wright, 1988; Bishop and Khan, 1991). The disruptions to spawning grounds, the increase in salinity due to restricted runoff and fluctuating temperatures present the largest threats to the fishery and fish community. 
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Figure 1. Map of the main land of Britain (left) with a zoom in on Gibraltar Point, where sampling occurred (right) showing the sampled ponds as well as other ponds and creeks. The other two ponds (Hidden and Square) were sampled and analyzed but their data were not included in this study because Hidden Pond had only four events (sampling dates) while Square Pond had some sampling events without juveniles. The other reason for not including them was that I lacked replication of the low and high salinity levels. Only one low salinity pond (Shavalera) and one high salinity pond (Oval) where found in Gibraltar Point.
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Figure 2. The location of the Arabian Gulf (= Persian Gulf) and the eight countries surrounding it. Redrawn from Google Earth. 
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Chapter 2. Diet selection by threespine sticklebacks (Gasterosteus aculeatus): selectivity, availability, and environmental characteristics
2.1. Abstract
Understanding the foraging biology of marine fish is important because the feeding habits of fish and their food are key pieces of trophic relationships in marine ecosystems. It is particularly necessary to understand larval fish foraging because their low survival rate (only about 10% of all eggs recruit) constitute an essential part of recruitment in aquatic communities. In this study, I aimed to assess whether model freshwater and estuarine sticklebacks were selective on their prey and whether this selectivity varied with physical or biological characteristics of the environment in which they were feeding.  I specifically examined prey size selectivity as a function of salinity and productivity in three ponds possessing vastly different salinities. I found that prey selectivity, defined as the difference between gut and pond declines with salinity but that selectivity was unaffected by productivity, prey species richness, and prey diversity.




2.1. Introduction
Understanding the foraging biology of marine fish is important because the feeding habits of fish and their food are key pieces of trophic relationships in marine ecosystems (Dadzie 2007). From a practical point of view, information on food quantity and quality that is consumed by fish is needed in order to estimate fish production (Paloheimo and Dickie 1970, Mills and Fournier 1979). In addition, knowledge of the feeding ecology of commercial and non-commercial fish species is crucial for developing a multispecies approach to fisheries management (Gulland 1977, Larkin 1978).  It is particularly necessary to understand larval fish foraging because their low survival rate (only about 10% of all eggs recruit) constitute an essential part of recruitment in marine fisheries (Fuiman and Werner 2002, Urho 2002) and thus influence the size spectra of the entire community (Sheldon et al. 1986, Dickie et al. 1987). 
Optimal foraging provides a framework with which to investigate diet selection by individuals over a range of sizes and ages. The theory provides a template on which to explain why, out of the wide range of available food, animals often limit themselves to a few preferred types (Gurney and Nisbet 1979, Krebs and Davis 1993). The baseline theory predicts that organisms aim to maximize their energy intake subject to costs of search and handling time (Elner and Hughes 1978, Krebs and Davis 1993).  Because energy intake is required for growth, linking foraging to growth via investigations of feeding and assimilation provides insight into the consequences of diet choice (Pedersen and Hjelmeland 1988 ). This is particularly important in the context of larval fish because they experience a metamorphosis/transformation when young and asymptotic growth/size when they are old (Bone and Moore 2008). By combining detail on foraging and growth across stages, we can begin to connect detail about individuals to the complexity of fisheries food web (Yodzis 2000, Miller and Rudolf 2011). 
2.2.1. Body size and diet choice
Body size variation is the focus of much ecological research, ranging from the study of individuals performance to macroecological pattern and process in large scale communities and ecosystems (Werner and Gilliam 1984, Cohen et al. 2003, Brown et al. 2004). This focus is justified by the large variation in body size that exists among and between organisms from micro-organisms to large mammals (Gaston and Lawton 1988, Werner 1988). Body size remains one of the most important traits that affect individuals’ performance in terms of predator-prey interactions (Persson and De Roos 2007). 
Body size also helps predict the diet of consumers including the size of prey eaten (Wilson 1975, Cohen et al. 2005, Persson and De Roos 2007). In addition, it can reflect the risk an organism faces from predators (Werner 1988, Polis et al. 1989, Claessen et al. 2000). This size specificity of foraging and risk influences substantially the diversity of communities (Poulin and Franks 2010).  
During the early ontogeny of fish, both starvation and predation hazards change dramatically (Fortier and Harris 1989). Initially, the small and slow-moving yolk sac larvae are very vulnerable to nektonic (Brownell 1985, Folkvord and R. 1986) or planktonic (Bailey and Yen 1983, Hunter 1984, Purcell et al. 1987) predators but their metabolism powered by endogenous reserves and starvation is doubtful (Fortier and Harris 1989). With the final resorption of the yolk reserves and the development of locomotion, metabolic demand for exogenous food elevates, whereas vulnerability to predators declines fast (Bailey and Yen 1983, Hunter 1984, Purcell et al. 1987). In water columns where gradients exist in the vertical distribution of prey and predators, fish larvae must also develop a vertical migration strategy: yolk sac larvae must search for depths where predators are least abundant until susceptibility to predation declines with size and susceptibility to starvation elevates, when the post-larvae are expected to distribute according to the distribution of their prey (Fortier and Harris 1989). 
 The ontogenetic migrations of the post-larvae are closely linked to food but also subjected to size selective predation (Fortier and Harris 1989). Essentially, yolk-sac larvae remain unproductive but safe within the upper 30 m from the sea surface (Fortier and Harris 1989).  As they grow and approach transformation, they move to match the resource gradient, descending to productive but riskier waters (Fortier and Harris 1989). Fortier and Harris (1989) detailed such ontogenetic shift in three species concluding that circadian (day/night) migrations linked to predation risk were weak and did not conceal the more important ontogenetic migrations.
Several developmental events, linked to size, occur throughout the larval stage and influence diet choice. The larval stage is marked by enhanced visual acuity, growth and stratification of the optic tectum, and large elevations in the numbers of free neuromasts on the head and trunk (Margulies 1989), all linked to processing and combining visual and mechanoreceptive sensory input from several modalities (Margulies 1989) – i.e. detecting food and predators.  The development of larvae is accompanied by new swimming skills that allow them to select larger or more nutritious prey (Werner and Gilliam 1984).  For example, larval Parophrys vetulus smaller than 10 mm fed on mixed diet composed of nauplii, invertebrate eggs and appendicularians (most abundant prey in their guts), while larger than 10 mm larvae solely consumed appendicularians in larger amounts compared to smaller size larvae (Gadomski and Boehlert 1984). 
The links between foraging biology and food web structure seem obvious, but are not well documented, particularly in marine systems. In many marine organisms the plankton are selected according to size and type by invertebrate and vertebrate predators (Fuiman and Werner 2002, Urho 2002). The early stages of fish larvae are often no larger than the plankton, and their growth and survival to larger sizes and piscivorous positions in the food web rely on this feeding stage. Therefore, it is important to understand the foraging biology of these larvae (Lehtiniemi et al. 2007) as well as their transitions through the size spectra (Sheldon et al. 1986, Dickie et al. 1987).
Transformation also brings about substantial morphological changes and the establishment of a gape (Bone and Moore 2008). Most fish‘s prey capturing ability is limited by their gape size and hence it is crucial that their food is available when the larvae are very small (Bone and Moore 2008).  It is suggested that the mouth width of larvae is as large as their small prey; increasing in size as the larvae grow (Paulet 2003).  This facilitates a rapid shift from small prey no larger than the fish mouth to larger items (Kislalioglu and Gibson 1976, Mittelbach and Persson 1998).  
Munk (1997) investigated prey size spectra and prey availability of larval and small juvenile cod.  His focus was on whether prey size and composition of copepod species play an important role in feeding ecology of larval and juvenile fish. He showed that prey size spectra available were proportional to larval size and preference for certain copepod species could be attributed to their size (Munk 1997). The study also showed contrasting preference for copepod prey depending on predator size.  Large adult Pseudocalanus spp. and Calanus were consumed by large predators and juveniles by small predators whereas Temora, a smaller copepod was only fed on at their maximum size by small predators (Munk 1997). This shows that the larger the predator the larger the prey targeted. 
2.2.2. Salinity and diet choice
Diet choice of fish is influenced by other factors other than prey size including high resource availability, low predation pressure, as well as suitable environmental parameters such as salinity (Nixon and Oviatt 1973, Weinstein 1979, Weinstein et al. 1980, Boesch and Turner 1984, Rountree and Able 1992, Kneib 1997, Able and Fahay 1998, Simenstad et al. 2000, Nemerson and Able 2004, Mendes et al. 2014). The different salinity gradient from the mouth of an estuary (ocean side) up to the head of the estuary may offer different prey for juvenile fish (Gunter 1956, Boesch 1977, O’Neil and Weinstein 1987, Sarre et al. 2000). Similarly, variability in prey, predators, and competitors within estuaries occurs spatially (Gunter 1956, Weinstein et al. 1980). According to this variability, expected differences in resource consumption, growth, and survival are likely to occur, with regions within the estuary that contribute different quantities and possibly sizes of newly young fish at the end of the nursery period (Nemerson and Able 2004).
Individuals of juvenile Atlantic croaker (Micropogonias undulates) had a fairly diverse diet that varied among different salinities (i.e. sites) in Delware Bay at the northeast coast of United States (Nemerson and Able 2004). The consumption of annelids was quite high and similar at all salinity gradients (32.0-50.6%), while crustacean (mostly unidentified mysis and other crustacean zooplankton that are not covered by the other categories as will be shown) consumption was high at 9.4 psu and 2.8  psu (15.3 to 34.5%) but low at 17.9 psu (3.8%) (Nemerson and Able 2004). As for mysids, their consumption was high only at 17.9 psu (45.8%) and at 9.4 psu (33.1%) and almost absent at the other salinities (0 to 2.2%) (Nemerson and Able 2004). A substantial amount of insects (all larval and adults insects, almost exclusively dipteran larvae) (15.1%) and zooplankton (decapod zoeae, calanoid copepods, and cumaceans) (19.8%) were consumed by Atlantic croaker only at 9.4 psu, while piscivory (feeding on other fish, mainly killifish Fundulus sp.) was most common at 17.9 psu (9.2%) and at 2.8  psu (3.4%) (Nemerson and Able 2004). Such percentage in the consumption of insects at 9.4 psu was very high compared to other sites in which it never exceeded 1.5% and this suggests that insect prey can be assumed to be relatively rare at the other sites, probably due to their higher salinity (Nemerson and Able 2004). Thus, salinity can have an effect on prey selectivity by juvenile M. undulates in this matter as obviously larger prey such as insects were extensively and specifically selected by these fish only at certain salinity (lowest= 2.8 psu) as well as for crustaceans (Nemerson and Able 2004). 
2.2.3. Sticklebacks – a model for larval and juvenile foraging studies
Here I investigate several aspects of stickleback (G. aculeatus) foraging biology, specifically focusing on larval and juvenile fish. The objective of this study was to test if larval and juvenile threespine sticklebacks exhibit feeding selectivity in their habitats and whether this selectivity varies by physical characteristics (e.g. salinity) of their habitat, the types of food available and the time in the year.
Optimal foraging theory has been used to evaluate stickleback foraging.  Several researchers have found a positive correlation between prey and predators’ sizes (Kislalioglu and Gibson 1976, Gibson 1980, Kaiser et al. 1992). In the presence of large and small size Daphina, Sticklebacks tend to favour the larger size prey (Gibson 1980). It is also noteworthy that hungry sticklebacks, according to optimal foraging theory, focus on the densest part of a Daphnia swarm in order to maximize their prey intake (Miliniski 1979, Gibson 1980). As the fish become satiated, they start focusing on the stragglers and the peripheral parts of the swarm as their readiness to attack declines (Milinski 1977). 
Selectivity is also observed in sticklebacks, in which by frequent encounter of certain prey, the fish learns how to catch these prey and focus on them later whenever encountered (apostatic selection) (Clarke 1962). 
In an experiment where threespine sticklebacks were provided with a mixed of dark and pale Asellus prey, in which when pale individuals outnumbered dark ones, the pale prey were predated upon at a rate in excess of their relative abundance in the prey population, whereas when the situation was reversed (dark individuals outnumbered pale ones), dark individuals were over predated while differential predation was not observed when both dark and pale prey individuals were equal in numbers (Maskell et al. 1977). 
In another experiment, threespine sticklebacks were provided a mixture of various proportions of red and pale-yellow coloured Daphnia (Ohguchi 1981). G. aculeatues preferred red Daphnia when present in a percentage between 20 to 80% but pale-yellow Daphnia were preferred when the mixture contained only 12% red Daphnia (Ohguchi 1981). Such outcome was not expected because the effect of confusion was anticipated to be greater at higher densities of red Daphnia, in which sticklebacks would switch their preference to the uncommon pale-yellow Daphnia (Ohguchi 1981). Only at low Daphnia densities, G. aculeatus did not show preference for red individuals even when they were high in percentage at low densities (Ohguchi 1981). As profitability depends on prey size and the handling and capturing times, the strategy of optimal foraging may either be apostatic selection, or a selection for the odd prey (selection for oddity) available (Visser 1981). Selection for oddity could be optimal in the case if the prey is relatively easy to capture but the costs of confusion are high (Visser 1981). In the presence of low confusion and a difficult to catch or to detect prey, the optimal strategy may require apostatic selection (Visser 1981).
Sticklebacks also experience seasonal changes in diet depending on the prey abundance or availability over seasons (Allen and Wootton 1984). For instance, copepods were observed to dominate the diet in Llyn Frongoch, Wales population of G. aculeatus in spring, late autumn, early and late summer with (to a lesser extent) cladocerans (Allen and Wootton 1984). Mayfly nymphs were the most important prey in mid-summer, while algae were eaten in autumn and winter (Allen and Wootton 1984). Cannibalism on eggs was observed in late spring and summer, while chironomoid pupae were only eaten in late spring and summer but their larvae were steadily eaten throughout the year (Allen and Wootton 1984). This indicates that seasonal changes in diet are caused by changes in prey availability/density, rather than by changes in preferences of the predators (Wootton 1984).
Larval sticklebacks at first exogenous feeding mainly feed on the juvenile stages of copepods and cladocerans (Abdel’-Malek 1968). The diet of fish of less than 30 mm in length was reported to be composed of rotifers, cladocerans (Bosmina and Holopedium), and Epischura (copepod), while larger-than-30 mm-fish tended to prey on Holopedium, Epischura, zooplankton eggs, chironomid pupae (Mullem 1967, Wootton 1984), and fish larvae (Manzer 1976). The changes in abundance of two copepod prey (Diaptomus and Epischura) and two cladocerans prey (Bosmina and Holopedium) in the Great Central Lake were reflected in changes in their importance to the predators (Manzer 1976). This indicates that seasonal changes in diet are linked to seasonal changes in prey availability/density, rather than simply changes in preferences of the predators (Wootton 1984).  
In this context, in Llyn Frongoch, the stomach contents of G. aculeatus were lowest in winter and heaviest in spring and late summer (Allen and Wootton 1984), while the greatest mean weight of stomach content in sticklebacks of Great Central Lake had been attained in spring and early summer (Manzer 1976). It is also noteworthy that the proportion of fish with empty stomach was highest in mid-summer and lowest in spring and early summer (breeding season) and again low in autumn (Manzer 1976, Wootton 1984). The breeding season requires high energy expenditure by sticklebacks that must be accompanied by a high food intake (Wootton 1984).
The aims in this study were: (i) to assess if larval and juvenile sticklebacks are selective in their prey choice. (ii) To test if salinity along with other physicochemical and biological factors had an effect on the diet choice (i.e. selectivity). The term selectivity in this study is defined as the mean prey size consumed compared to mean prey size available in the ponds as the main concern here is the prey size and not the taxonomic identity of the prey and this is the first study of such approach that consider the effect of salinity in relation to sticklebacks (particularly larvae and juveniles) in their natural habitat on their feeding selectivity, particularly in terms of prey size. 
2.1. Methods
2.3.1 Field site
Sticklebacks were investigated at Gibraltar Point National Nature Reserve, near Skegness in Lincolnshire, northeast of England (Fig. 1). The site is a nature reserve under the supervision of Lincolnshire Wildlife Trust. This study reports on diet choice from three ponds: Shavalera, Eric’s, and Oval Ponds (Fig. 1), which vary in several physical characteristics (Fig 2). The ponds are brackish, ranging in salinity from 0.365 to 12.2 psu, and water level in these ponds was mainly affected by the tides from the adjacent Atlantic Ocean and rainfall.  We sampled fish, fish prey and physical characteristics eight times in 2013 (Table I). Most of the ponds had a high level of vegetation at most of the sampling events. Also, as shown in Figure 1, two more ponds were sampled (Hidden and Square Ponds) and samples were analyzed but were not included in this study as will be explained later on. Unfortunately, only one low salinity pond (Shavalera) and one high salinity pond (Oval) where found in Gibraltar Point, while three medium salinity ponds were found (Eric’s, Hidden, and Square Ponds). 
2.3.2. Physicochemical characteristics
Using an in situ probe (YSI Pro Quatro Snode manufactured by Xylem Analytics UK Limited), I measured salinity (psu), water temperature (°C), conductivity (S.cm-1), dissolved oxygen concentration (mg.l-1), pH, and depth (m) on each of the eight time sampling events at each location. The reason for choosing these parameters was because they were reported to have an effect on sticklebacks as well as fish in general in different terms including survival, feeding, and growth (Jones 1964, Lewis et al. 1972, Brett 1979, Campbell 1979, Allen and Wootton 1982b, Giles 1983, Belanger et al. 1987, Guderley 1994, Whoriskey and FitzGerald 1994, Bone and Moore 2008). 
Larvae and juveniles were not caught at sampling events 1 and 2 and unfortunately due to a mistake in preservation, fish in sampling event 4 were deteriorated. Also, due to an accident, the chlorophyll sample of Eric’s Pond event 7 was lost (Fig. 2).
2.3.3. Biological characteristics
Several biological characteristics of each pond were estimated, including estimates of phytoplankton production, zooplankton diversity, and zooplankton size and abundance.
2.3.3.1. Productivity
I estimated productivity using chlorophyll- α measurements.  One sample of 300 ml water was collected from each pond at every sampling event in transparent plastic bottles and then immediately filtered in the laboratory after each fieldtrip using Fisher Scientific Whatman FM300 filter paper pore size 0.7 microns and a filtration pump. The filter papers (one per bottle) were then gently folded and placed with forceps in labelled 10 ml Eppendorf tubes with stoppers and kept in -20 °C freezer. 
Chlorophyll was extracted from the filter papers by the addition of 5 ml of 80% ice cold acetone solution. Extracted chlorophyll from every filter paper (i.e. every sample) was distributed into two labelled 1.5 ml Eppendorf tubes and then centrifuged using Fisher Scientific accuSpinTM 3R centrifuge for 10 minutes at 4600 rpm. The supernatant is then taken and measured for chlorophyll a and b using Pharmacia Biotech Ultrascope 3000 UV/Visible Spectrophotometer in 2 ml plastic cuvets. The standard solution throughout the measurements was 80% acetone solution. Wavelengths used for measurements were 663 nm optical density (OD) and 645 nm OD. Equations used in this study to calculate the values of chlorophyll a and b were based on (Arnon 1949) method as follows:
Chlorophyll a (mg.l-1) = (12.7 x OD663) – (2.69 x OD645) (eq. 1)
Chlorophyll b (mg.l-1) = (22.9 x OD645) – (4.68 x OD663) (eq. 2)
The mean value of both of the aforementioned 1.5 ml replicates of each sample was calculated and considered in the calculations using equations (1) and (2). The method used in this study is similar to (Cameron  et al. 2008) but modifications were applied due to the difference in equipment and the materials examined.
2.3.3.2. Zooplankton
Zooplankton were sampled horizontally with a plankton net (mesh size= 100µ, mouth width= 0.51 m) tied to a rope (3 m). Towing was done at the same point at every sampling event in each pond where vegetation was minimal. Samples were preserved in 70% alcoh-ol immediately after sampling in 1-l plastic bottles (a bottle per pond per event). I used a Motoda Box to split and subsample the zooplankton samples in order to facilitate coun-ting (e.g. taking half or quarter the sample after equally and evenly split by Motoda Box), also, using a stemple pipette, a subsample (e.g. 1, 5, or 10 ml taken from the previously split subsample depending on how dense the sample is) from each sample was taken and examined under the stereo-microscope (Kyowa Optical Model SDZ-PL). The sorted individuals in the subsample were measured using an eyepiece graticule and the overall 
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Figure 1. Map of the main land of Britain (left) with a zoom in on Gibraltar Point, where sampling occurred (right) showing the sampled ponds as well as other ponds and creeks. The other two ponds (Hidden and Square) were sampled and analyzed but their data were not included in this study as explained in the text. Only one low salinity pond (Shavalera) and one high salinity pond (Oval) were found in Gibraltar Point, so including all medium salinity ponds will not precisely serve to compare the effect of salinity in this study as no replication of low and high salinity are available.
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Figure 2. Measured in situ physichochemical parameters in the five sampled ponds including the two ponds that were not represented in this study (Hidden and Square Ponds) at Gibraltar Point in addition to chlorophyll-a (Chl-a) level. Sample events on x-axis are just to replace dates in order to make the figures tidy. Sample events 3, 5, 6, 7, and 8 refer to the following dates in the year 2013: 21 June, 19 July, 2 August, 14 August, and 12 October, respectively. Each pond is represented in a specific line type as shown in the legend next to Chl-a figure. DO = Dissolved Oxygen Concentration (mg l-1). Larvae and juveniles were not encountered at sampling events 1 and 2. Unfortunately due to a mistake in preservation, fish in sampling event 4 were deteriorated. Due to an accident, the chlorophyll samples of in both Hidden and Eric’s Ponds event 7 were lost. 



Table I. Sampling events by date. Sample event was used in all analyses, representing approximately two-week time intervals.


Sample event
Date (dd/mm/yyyy)
1
17/05/2013
2
28/05/2013
3
21/06/2013
4
04/07/2013
5
19/07/2013
6
02/08/2013
7
14/08/2013
8
12/10/2013








mean prey size for all individuals were calculated in order to estimate the mean prey size in ponds. The equations used to estimate the zooplankton abundance were as follows:
Volume filtered = (net radius in meters)2 x Π x rope length (m)  (eq. 3)
Fraction = full volume/subsample volume (eq. 4)
Calculation factor = fraction/volume filtered (eq. 5)
Equation (3) is used to estimate the volume of water entering the net through towing. Equation (4) is the ratio between the whole volume of the collected sample (i.e. 1-l) and the subsample volume examined under the microscope (sampled using a stemple pipette as mentioned above). This ratio estimates the number of times needed for this subsamples volume to be taken and sorted for the number of zooplankton and their taxonomic identity. Finally, the value obtained from equation (5) is multiplied by the number of individuals (of each species as well as the total number of all zooplankton) counted in the subsample volume under the microscope in order to estimate the number of individuals per cubic meter (ind.m-3). This method is similar to that reported by Thompson and Schweigert (2007) but modified here due to the lack of flowmeter in this project.
Zooplankton (including larval sticklebacks) were identified using the available literature (Gurney 1931, 1932, 1933, Rylov 1935, Swarup 1958, Macan 1959, Scourfield and Harding 1966, Pontin 1978, Croft 1986, Fryer 1993, Mirabdullayev 2004) The determination of zooplankton species richness (S) as well as diversity (H’) was based on the findings in the zooplankton samples (Fig. 4) using the Shannon-Wiener diversity index (Shannon and Weaver 1949).
2.3.3.3. Fish collection 
Sticklebacks from all stages were collected using 1.5 l plastic trap bottles. Some of the fish were also observed and collected from the horizontal tows of the zooplankton net but the majority were caught by the bottles. Fish were preserved in 70% alcohol after immersion in anesthetic overdose of MS222 (400 mg l−1) (Gerritsen and Strickler 1977, Gerritsen 1984, Greene 1986) for at least 90 minutes in 1-l plastic bottles. 
Catch per unit effort were determined by fish per bottle per sampling event. Anesthetic overdosed fish were measured in the laboratory after every field trip for total length (TL), and weight (W). Length (in mm) was measured with either eyepiece graticule (for larvae) or a ruler (for larger fish), while weight (in grams) was measured using a three point decimal digital scale KERN EW 220-3NM model manufactured by Kern and Sohn. Total length was considered in this study over standard length as the fish are small and sometimes it was difficult to determine the last pedicle before the caudal fin. Every individual fish was separated in a small labeled with a unique Fish I.D. code in vials with 70% alcohol. 
2.3.3.4. Gut content 
The guts of fish of larvae and juveniles of varying sizes were dissected using a scalpel and a tungsten needle in a petri dish with distilled water.  The total number of dissected fish was 73; 27 fish from Shavalera Pond, 22 fish from Eric’s Pond, and 24 fish from Oval Pond (Tables II-IV). The aim was to dissect at least five fish from each sampling event but sometimes we could not catch many larvae/juveniles. Contents were gently scraped away from the gut and identified and measured for length using the eyepiece graticule as done with the zooplankton samples above. The overall mean prey size of all measured prey individuals as well as fragments was calculated for every examined gut to determine the mean prey size in the gut. Therefore, I focused on the primary and secondary prey in each gut in Tables II-IV as they are expected to have a major effect on the overall mean prey size consumed by fish in this study. 
Identification was aimed to the lowest taxon possible but sometimes when species level is not clear, then genus is used and if the examined groups were difficult to determine due to my experience, I used a group name (e.g. insect larvae, polyps, and diatoms). Copepods were measured from the tip of the head to end of telson excluding caudal ramii (Al-Yamani and Prusova 2003) while cladocerans were measured from the tip of the head up to the tip of the distal part of the abdomen on the same axis of the head (Scourfield and Harding 1966). 
Copepods were identified by examining their appendages, particularly their fifth legs in terms of ornamentation and segmentation (Al-Yamani and Prusova 2003).  Cladocerans, with the aid of the available guides, were identified mainly by the structure of the post abdomen and the postabdominal claws as well as the segmentation of the antenna and the shape of the rostrum (Scourfield and Harding 1966). Most of the octracods belong to the genus Cypridina and identification was mainly made by examining both caudal furca and antenna (Rylov 1935, Macan 1959). Rotifers were identified with the aid of Pontin (1978) by looking at the structure of the corona, trophi, foot, and toe.  Copepod nauplii and other juvenile stages of crustaceans were noted by stage and group (e.g. juvenile cyclopoids, juvenile calanoids, and copepod nauplii). All are shown in Tables II-IV.
2.3.4. Statistics
I examined two sets of relationships in my data.  First, I examined changes in physical and biological characteristic through the sampling season.  I applied ANCOVA to these data to detect changes through time, where an interaction between pond and time would indicate that the characteristics vary through time uniquely for each pond. Second, to explore diet selectivity as a function of pond characteristics, I undertook two analyses.  I first compared, over all time periods, the average size of prey in the pond to the average size of prey, over all time periods, in the fish guts, for each of the three ponds.  I used a t-test to evaluate whether diets were different from available foods in each pond in terms of size.  I then used all data to examine, using regression, whether the selectivity depended on several physical and biological pond characteristics.  All analyses were executed in R 3.2.0 (R-Core-Team 2015). 
While the two tests offer analysis of the same question, the t-test offers a simple first assessment of whether the observed diets are selective relative to the available prey in each pond.  However, this analysis, while it does suggest a difference in selectivity associated with salinity, did not formally test whether the differences were a function of salinity or any other variables I measured.  Thus, the ANCOVA, using the difference between prey size in the gut and prey size available in each sampling event as a response variable, tests more formally whether selectivity is a function of salinity and other variables including productivity prey diversity, mean prey size in pond, and prey species richness (Figure 4). 
2.3.5. Remarks
It is important to note that sampling events 1 and 2 (17 and 29 May 2013, respectively) had almost no larvae or juvenile fish. Fish samples from event 4 (3 July 2013) had deteriorated due to a mistake in preservation.  Also, chlorophyll-a data is missing from Eric’s Pond sampling event 7 (14 August 2013) due to an accident that caused the loss of the sample after the day of collection. 
Two more ponds were sampled and fish analyzed from, but not included in this study (Hidden and Square Pond). As for Hidden Pond, it only had four sampling events as it was discovered later due to its hidden location. As for Square Pond, some events had no larvae/juvenile fish to analyze. In addition to that, both ponds had more or less similar salinity range (Hidden Pond= 1.65-1.94 psu, mean= 1.794±0.061 psu, Square Pond= 1.675-1.995 psu, mean= 1.866±0.058 psu) throughout the sampling events in this study. The other reason why these ponds were not included in this study was that they are both considered as medium salinity like Eric’s Pond (salinity range throughout the sampling events = 1.89-2.985 psu, mean= 2.42±0.16 psu). The latter pond had larvae and juveniles almost at all sampling events compared to Square Pond and it had more sampling events than Hidden Pond as mentioned above. Only one high salinity pond (Oval) and one low salinity pond (Shavalera) were found in this study while the rest of the ponds were of medium salinity. Thus, including Hidden and Square Ponds in this study were thought not useful in comparing the effect of salinity on diet choice as there no more low and high salinity ponds to establish such comparison.
In some events, rotifers and phytoplankton (especially Peridinium) dominated the prey in the gut but they were not observed in the zooplankton samples because of the mesh size used (100 microns) and these are small and needed smaller mesh size (e.g. 20 microns) to be sampled effectively. Therefore, it is noteworthy to mention that in some guts, the dominant prey in the gut were different from those dominant in the pond (Table III and VI) and that could be attributed to the in part faulty sampling technique, in which phytoplankton were not sampled and the mesh-size used (100 microns) is too big to catch rotifers, as 63 microns plankton net also reported to be inappropriate for rotifer sampling. The mesh size used in the plankton net in this study was based on the literature that most of the stickleback’s (all stages and throughout seasons) diet is composed of crustacean zooplankton (copepods, cladocerans, and ostracods) and insect larvae (e.g. Wootton 1984). and thus underestimation of their abundance will occur (Chick et al. 2010). Phytoplankton were reported to be rare in the diet of sticklebacks (Hynes 1950, Walkey 1967, Wootton1976, Milinski 1986, Delbeek and Williams 1987, Bergersen 1996). 
2.4 Results
2.4.1. Physical characteristics
Salinity was highest at Oval Pond (8-12.2 psu, mean= 10.52±0.6 psu) and lowest at Shavalera Pond (0.345-0.395 psu, mean= 0.365±0.01 psu), while Eric’s Pond had a medium salinity range (1.89-2.985 psu, mean= 2.42±0.16  psu) most of the time (Figs. 2 and 3).   The effect of time on productivity (Chl-a) depended on pond (Fig 3a; F= 14.55, df=2, p<0.001).  The effect of time on salinity depended on pond (Fig 3b F=15.02, df=2, p<0.001). There is a negative relationship between productivity and salinity (Fig. 3 bottom).
2.4.2. Zooplankton species richness, diversity, abundance, size, and the size of their predators
The effect of time on all zooplankton size and diversity depended on pond (all P<0.001).  Zooplankton species richness (S) was highest at event 5 in Eric’s Pond (S=22), followed by event 3 (S=21) at the same pond (Fig. 4). The third highest observed value was in Shavalera Pond at event 6 (S=20), followed by events 3 and 5 (S= 18 in both events) (Fig. 4). Species Richness in Oval Pond was highest at events 3 and 5 (S=15 for both events), followed by events 6 and 7 (S= 14 for both events). Generally, species richness was higher in Eric’s Pond, followed by Shavalera Pond and Oval Pond, respectively (Fig. 4). Moreover, the overall mean zooplankton species richness (S) for Shavalera, Eric’s, and Oval Ponds across all sampling event were 16.2±1.63, 16.7±1.99, and 13.4±1.123, respectively. 
Zooplankton diversity was highest at Eric’s Pond event 5 (H’= 3.75), followed by event 3 (H’= 3.21) (Fig. 4). The second highest diversity values at both events 3 and 6 (H’= 3.5 for both events) in both events in Shavalera Pond (Fig. 4). The highest zooplankton diversity in Oval Pond was recorded at event 3 (H’= 2.86). Generally, zooplankton diversity was not that different between Eric’s and Shavalera Ponds but being slightly higher in Eric’s Pond and the lowest diversity was observed in Oval Pond (Fig. 4). Moreover, the overall mean zooplankton diversity (H’) for Shavalera, Eric’s, and Oval Ponds across all sampling event were 2.94±0.274, 2.87±0.242, and 2.134±0.28, respectively.
	The most abundant zooplankton in Shavalera Pond were ostracods at all events (Table  II). Their abundance ranged between 1,115-4,4079 ind.m-3, being highest in event 7 (44,079 ind.m-3). Polyps came second most abundant plankton in Shavalera Pond at events 6 (436  ind.m-3 and 8 (106 ind.m-3), Canthocamptus (2,707 ind.m-3) at event 3, juvenile cyclopoids (1,211 ind.m-3) at event 5, and at event 7 insect larvae (4,898 ind.m-3) (see Table III for details).  However, the gut content through all the events of 24 fish out of the 73 examined fish was mostly dominated by phytoplankton (particularly Peridinium) and the majority of these fish also had rotifers dominating their guts along with phytoplankton (see Tables IV and VI for details). The mean prey size in pond at events 3,5,6-8 were 0.53±0.07, 0.53±0.056, 0.88±0.18, 0.77±0.15, and 0.7±0.12, mm respectively. The mean prey size in the gut for all examined guts at events 3,5,6-8 were 0.046±0.001, 0.045±0.009, 0.116±0.041, 0.193+0.027, and 0.329+0.133, mm respectively. The mean fish total length at events 3,5,6-8 were 15.34±0.07, 18±1.56, 18±0.96, 20.2±0.73, and 20±1, mm respectively. Moreover, the overall mean zooplankton abundance (ind.m-3) for Shavalera Pond across all events was 20,804±13,371 (ind.m-3). 
	The most abundant zooplankton in Eric’s Pond were juvenile cyclopoids at events 5 (2148 ind.m-3), 6 (50,125 ind.m-3), and 8 (10,991 ind.m-3) (Table V). They were the second most abundant at events 3 (35,743 ind.m-3) and 7 (3,213 ind.m-3) (Table V). Copepod nauplii  were the second most abundant zooplankton at event 5 (1,343 ind.m-3) but it was of equal abundance with the cladoceran Sida sp. at event 7, where both were 21,942 ind.m-3 (see Table V for details).  Sida sp. was the most abundant species at event 8 (62,651 ind.m-3), while juvenile cladocera where the primary abundant zooplankton at event 3 (36,615 ind.m-3). However, Sida sp. was not observed in the guts of the examined fish and larger prey such as insect larvae, adult cyclopoids, adult calanoids, Chydorus, and Alonella were observed in most of the examined guts (see Table V for details). The mean prey size in pond at events 3,5,6-8 were0.53±0.045, 0.62±0.047, 0.4±0.017, 0.44±0.026, and 0.55±0.04, mm  respectively. The mean prey size in the gut for all examined fish at events 3,5,6-8 were 0.26±0.025, 0.536±0.13, 0.27±0.031, 0.325±0.025, and 0.321±0.017, mm respectively. The mean fish total length at events 3,5,6-8 were 13±1.9, 19.6±0.81, 20.5±0.645, 23.5±0.87, and 36+1.4, mm respectively. Moreover, the overall mean zooplankton abundance (ind.m-3) for Eric’s Pond across all sampling event was 102,333±33,562 (ind.m-3). 
The most abundant zooplankton in Oval Pond was the harpacticoid copepod Canthocamptus sp. at events 3 (68,323 ind.m-3) and 5 (10,2851 ind.m-3). Copepod nauplii was the second most abundant zooplankton at event 3 (6,612 ind.m-3) but was the most abundant at events 6 (19,199 ind.m-3) and 7 (10,828 ind.m-3) (Table VI). Juvenile cyclopoids were the most abundant zooplankton at events 7 (10,422 ind.m-3) and 8 (45,451 ind.m-3) but they were the second abundant zooplankton at event 5 (3,291 ind.m-3) (Table VI). Diacyclops was the second abundant zooplankton at event 8 (22,725 ind.m-3) (Table VI). Canthocamptus and copepod nauplii were observed to be a dominant prey in 50% of the examined fish but cyclopoids were not observed to dominate the guts at events 5 and 8, though they were dominant in the pond (see Table VI for details). The mean prey size in pond at events 3,5,6-8 were 0.51±0.031, 0.52±0.04, 0.44±0.023, 0.42+0.02, and 0.7±0.033, mm respectively. The mean prey size in the gut for all examined guts at events 3,5,6-8 were 0.3±0.06, 0.45±0.09, 0.21±0.09, 0.83±0.37, and 0.5±0.13, mm respectively. The mean fish total length at events 3,5,6-8 were 15.1±1.66, 17±2.65, 21±0.63, 26.7±0.61, and 35.7+10.09, mm respectively. Moreover, the overall mean zooplankton abundance (ind.m-3) for Oval Pond across all sampling event was 87,744±17,628 (ind.m-3).

2.4.3. Average Diet Selectivity
Figure 5 shows that sticklebacks in this study were selective in Shavalera (t=6.25, df=7.25, p=0.00032) and in Eric pond (t=2.58, df=7.62, p=0.034), but selectivity was not detected in Oval pond (t=0.54, df=5.6, p=0.61).  The figure shows that not only did prey size in the gut increased from Shavalera to Eric to Oval Ponds, but mean prey size available declined for Eric and Oval, compared to Shavalera.  Thus, selectivity is a function of both diet choice and availability.
2.4.4. Size selection in relation to salinity and productivity
Figure 6 shows that the pattern seen per pond in selectivity is tied tightly to salinity.  Prey selectivity, defined as the difference between gut and pond declines with salinity (slope = -0.04, F=11.91, df=1, P=0.005).  Selectivity was unaffected by, productivity, prey species richness, and prey diversity (all F≤1.11, p≥0.19) (Table V).
2.5.	Discussion
In this study, I aimed to assess whether sticklebacks were selective on their prey (in terms of size) and whether this selectivity varied with physical or biological characteristics of the environment in which they were feeding.  I found that sticklebacks were selective. Howe-ver, selectivity declined with salinity, and was unaffected by the other biological characteristic (i.e. they were not significant) other than prey size.  The main biological factors concerned in this study were prey size, predator size, prey species richness, prey diversity, prey abundance, and productivity. Overall, the higher the salinity, the more similar were availability and use of prey items. Larval and juvenile G. aculeatus fish are selective at low salinity, but feed randomly at high salinity.
The effect of salinity on the diet choice by larval and juvenile G. aculeatus was obvious in this study, in which larval and juvenile threespine sticklebacks are selective at low salinity, but fed randomly at high salinity (Fig. 5). In more details, sticklebacks in this study were selective in Shavalera (p=0.00032) and in Eric (p=0.034) Ponds, but selectivity was not observed in Oval Pond (p=0.61) (Fig. 6).  In addition, prey size selection is strongly related to salinity (Fig. 5) and the difference between gut and pond mean prey size declines with salinity (slope = -0.04, F=11.91, df=1, P=0.005).
Prey size in the gut increased from Shavalera to Eric to Oval Ponds and also mean prey size available declined for Eric and Oval, compared to Shavalera Pond.  Therefore, selectivity is a function of both diet choice and availability. Selectivity was unaffected by productivity, prey species richness, and prey diversity (all F≤1.11, p≥0.19).
In this study, threespine sticklebacks mostly fed on rotifers (mainly Trichocera).  They have also fed on phytoplankton (particularly Peridinum), mainly in Shavalera Pond (Table II). They have also fed upon copepod nauplii, and adult copepods mainly harpacticoid copepods (Canthocamptus), cyclopoids (mainly Diacyclops and Eucyclops) and juvenile cyclopoids, especially in Eric’s and Oval Ponds (Tables III-IV) (all F≤1.11, p≥0.19). Calanoids (Diaptomus and Eurytemora velox) dominated the diet in two guts in Eric’s and Oval Ponds (Tables III-IV). Cladocera (particularly Chydorus and Alonella) was also one of the main diet items of sticklebacks in this study, particularly in Eric’s Pond (Table III). Insect larvae were also part of the diet in this study and mostly in Eric’s and Oval Ponds. Detritus was also observed to dominate some guts and other diet items such as large insects and gastropods were occasionally observed but not dominant in the guts.
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Table II. The primary and secondary prey items (%) in the guts of the examined fish from Shavalera Pond (lowest salinity) with the mean prey size in both gut and pond (mm± standard error) with the abundance of the primary and secondary prey (ind.m-3) in the pond. Individual fish size and mean fish size for each event are also shown (mm±standard error). 
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Table III. The primary and secondary prey items (%) in the guts of the examined fish from Eric’s Pond (medium salinity) with the mean prey size in both gut and pond (mm±standard error) with the abundance of the primary and secondary prey (ind.m-3) in the pond. Individual fish size and mean fish size for each event are also shown (mm±standard error).
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Table IV. The primary and secondary prey items (%) in the guts of the examined fish from Oval Pond (highest salinity) with the mean prey size in both gut and pond (mm±standard error) with the abundance of the primary and secondary prey (ind.m-3) in the pond. Individual fish size and mean fish size for each event are also shown (mm±standard error). 
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Figure 3. (A) Productivity (Chl-a) level at each pond at every sampling event, (B) Salinity level at each pond at every sampling event, and (C) Productivity vs Salinity, which shows a somehow high values at lowest salinity compared to medium and high salinities. Eric’ Pond event 7 filtered chlorophyll sample was lost due to an accident the day after the field trip. The colours shown in figure C represent each pond as follows: red (Shavalera Pond), blue (Eric's Pond), and green (Oval Pond).
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Figure 4. (A) Mean number of prey items in the guts of all fish at every event in all ponds, (B) Mean prey size in the ponds at every event in all ponds, (C) Prey species richness (S) in all ponds at every sampling event based on the collected zooplankton samples, and (D) Prey diversity (H’) in all ponds at every sampling event based on the collected zooplankton samples. Error bars are standard errors. Some error bars are not seen because of the very small value they represent. 


Table. V. ANCOVA table showing that all tested parameters had no significant effect on prey size selection except salinity. The response variable in this case is the difference between mean prey size in pond and prey size consumed by sticklebacks in this study (mean prey size in pond – mean prey size in gut). See Figure 6 for visualization.
	

	Term
	Chisq
	DF
	P

	Productivity (mg/l)
	0.53
	1
	0.47

	Prey Species Richness (S)
	0.01
	1
	0.94

	Prey Diversity (H')
	0.10
	1
	0.75

	Salinity (psu)
	4.25
	1
	0.04

	
	
	
	






The most common diet items found in the guts of G. aculeatus are planktonic crustaceans (Cladocera, Copepoda, and to a lesser degree, Ostracoda), larvae and pupae of Chironomidae, oligochaetes and molluscs (Mikhailova and Kasumyan 2006). More rarely, sticklebacks may feed on Trichoptera, Hemiptera, Ephemeroptera, algae, and higher water vegetation (Hynes 1950, Walkey 1967, Wootton 1976, Milinski 1986, Delbeek and Williams 1987, Bergersen 1996).
Despite the fact that sticklebacks inhabit a wide variety of habitats, ranging from large lakes to small streams and to coastal waters, the same prey constitutes the bulk of their diet in all these habitats (Wootton 1984). The small size of sticklebacks limits the range of potential prey types and this limitation is obviously shown in the diet similarity over a wide range of habitats (Wootton 1984) and diet similarity between different stages of threespine sticklebacks does exist (Hynes 1950, Mullem 1967, Manzer 1976, Wootton 1976, Wootton 1984). Larval sticklebacks at first exogenous feeding mainly feed on the juvenile stages of copepods and cladocerans (Abdel’-Malek 1968). The diet of fish length of less than 30 mm was reported to be composed of rotifers, cladocerans (Bosmina sp. and Holopedium sp.) and Epischura sp. (copepod), while larger-than-30 mm-fish tended to prey on Holopedium, Epischura, zooplankton eggs, chironomid pupae (Mullem 1967, Wootton 1984) and fish larvae (Manzer 1976).
In this study, rotifers also occurred as a dominant prey in guts of fish less than 30 mm too (majority in Shavalera Pond followed by few in Oval Pond as in Tables II and IV), except one large fish in Oval Pond (55 mm) that also had rotifers dominating its diet (Table IV). Also in
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Figure 5. The effect of salinity on prey size selection by threespine sticklebacks (G. aculeatus). The sizes shown are the means of both prey in the gut and in each pond for all examined fish at all sampling events (see legend). The p-values are for t-tests between pond and gut content prey sizes for each pond. Ponds are arranged from left to right from lowest to highest salinity. Mean salinity across all sampling events for Shavalera, Eric, and Oval were 0.365±0.01, 2.42±0.16, and 10.52±0.6 psu, respectively.
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Figure 6. Comparison between mean prey size in both pond and gut in every pond at all sampling events in relation to salinity. The Y-axis shows the difference in mean prey size between what the fish had consumed (stickleback prey size) and mean prey size available in ponds. Mean prey size in pond is bigger than mean prey size in the guts (above 0 line) for all samples except for Oval Pond event 7. The legend on the right shows the ponds. Error bars represent standard error. Sampling events 3 and 5 in Shavalera Pond are overlapping on the figure due to the close values due to the similarity of the most consumed prey (mainly phytoplankton, especially Peridinium). Oval Pond sampling event 7 shown below the zero line above had larger prey consumed (mainly insect larvae and harpacticoid copepods) compared to the most available (abundant) prey size in the pond (copepod nauplii and juvenile cyclopoids, respectively). 

this study, calanoid copepods (mainly Diaptomus and Eurytemora), were the major calanoid prey for some fish and these calanoids are of similar size to that of Epischura calanoid copepod as well as the size of Daphnia (Gurney 1931, 1932, 1933, Scourfield and Harding 1966). These copepods were mainly consumed (as a dominant prey) by three fish; two in Eric’s Pond (Table III) and one in Oval Pond (Table IV). The effect of fish size on the diet choice was not significant and that could be due to the more or less similar range of selected sizes most of the time as the focus of this study was on larvae and juvenile fish in addition to the selectivity of fish themselves at some points despite their sizes and such selectivity could be related to availability and/or the foraging of fish themselves as discussed earlier.  However, a positive correlation was reported between prey size and the size of the predator in fifteenspine stickleback Spinachia spinachia and also a positive correlation between body size and gape size (Kislalioglu and Gibson 1976). 
As fish grow and develop, gape size is complemented by developing jaw apparatus that allows rasping and cutting to facilitate ingestion (Nip et al. 2003). Most food consumed by fish is obtained through three basic feeding styles: (i) biting, (ii) ram feeding, or (iii) suction feeding (Leim 1980). Almost all species use one of these mechanisms, and, because they are not mutually exclusive, most species exhibit two of these mechanisms (Leim 1980). Finally, varied structural adaptations of larval fish digestive tract and the alterations of these adaptations with development are characteristic of varying functional adaptations to concentrations of diets and prey (Govoni et al. 1986).
The feeding types above are tightly linked not only to size but to resource size and availability.  For example, Barracuda (Sphyraena barracuda), pike (Esox) and gars (Lepisosteus) typically rely entirely on ram feeding, swallowing their prey by making a fast lunge with their jaws wide opened (Porter and Motta 2004). Studies on herrings and other species have demonstrated that a fish may use ram feeding at high plankton concentrations but shift to suction feeding (picking individual prey) at lower concentrations (Gibson and Ezzi 1992). At medium concentrations, when prey would be equally available by either means, fish usually prefer picking over ram feeding suggesting that suction feeding is energetically less costly (Gibson and Ezzi 1992). 
Examples on such expected behavior in this study was clear in some fish in Oval Pond, in which they seem to have chosen to feed on a bloom with plenty of small prey rather than spending energy chasing after larger prey away from the bloom as sticklebacks could focus on the densest part of the bloom as well (Gibson 1980). For instance, a 55 mm fish in Oval Pond event 8 is expected to follow such behaviours as it fed mainly on rotifers and detritus and that is similar to a 21 mm fish in the same pond at the same event that fed mainly on two species of rotifers, while in the same pond at event 6, a 22 mm fish fed mainly on copepod nauplii and harpacticoid copepods (Table IV). Furthermore, in Shavalera Pond event 7, two 21 mm fish, one fed mainly on three species of rotifers, while the other mainly fed on cladocerans (Table II). In Eric’s Pond event 8, a 32 mm fish fed mainly on insect larvae, while a 36 mm fish fed only on detritus (Table III). In relation to other studies, they have reported diatoms to dominate the phytoplankton prey if present (Hynes 1950, Walkey 1967, Wootton 1976, Milinski 1986, Delbeek and Williams 1987, Bergersen 1996) and no reports for dinoflagellates, particularly Peridinium to dominate the sticklebacks algal prey as in this study (Tables III - IV) and that could most probably be related to the nature of the studied habitats. 
Patterns of diet choice related to search and handling times were also observed in shore crabs (Carcinus maenas), in which the maximum energy they could get was from large mussels (> 2.5 cm) but the time and effort it takes to break large mussels is too much, thus, large mussels are less profitable in terms of energy yield per unit breaking time compared to the medium size (1.5-2.0 cm) mussels (Elner and Hughes 1978). These crabs mostly fed on medium size mussels, as the time it takes to search for the optimum profitable size affects the choice (Elner and Hughes 1978). If the time to find a profitable mussel is long, then the crabs might be able to obtain a higher overall energy rate intake by consuming some of the less profitable sizes (Elner and Hughes 1978). This could have also occurred to sticklebacks, particularly the ones fed on phytoplankton and rotifers to maximize their energy intake by consuming large quantities of smaller less profitable prey as they require less searching and handling time compared to larger prey as these plankton might have occurred in blooms or swarms at the time of consumption by the sticklebacks in this study, which could make it easier for the fish to locate this aggregation of prey and move towards them. 
Another reason for the diet choice in terms of size and identity, especially at low productivity times, particularly in Oval Pond (Fig. 3, Tables II and IV), could be to avoid predators.  Such strategy was experimentally tested in hungry threespine sticklebacks when they placed in tanks with different densities of Daphnia sp. and exposed to a model kingfisher (Alecedo atthis) bird flying over the tanks (Milinski and Heller 1978). This resulted in a preference of sticklebacks to attack lower prey densities rather than high prey densities in order to avoid the predator (Milinski and Heller 1978). The situation was vice versa regarding the targeted prey density in the absence of the model kingfisher (Milinski 1979). 
In the field where sticklebacks were collected for this study, birds, particularly the close by nesting black-headed sea gulls (Chroicocephalus ridibundus = Protonym Larus ridibundus) were the most important predators to sticklebacks as no larger piscivorous fish were found in the ponds of Gibraltar Point and that was also confirmed by Lincolnshire Wildlife Trust; almost entirely the only fish found in these ponds were sticklebacks, mainly threespine followed by ninespine sticklebacks. Therefore, such behaviour in diet choice, in which being primarily vigilant despite the high chance of starvation, is expected from sticklebacks in the ponds of Gibraltar Point at different times as there are predators in the vicinity and these birds were reported to feed on threespine sticklebacks (Schwemmer and Garthe 2008).
Algae seemed to normally form a small proportion of the diet of sticklebacks, and they appear to be coincidentally consumed (Hynes 1950). The types of algae found in River Birket as reported by Hynes (1950) included Spirogyra, Eudorina, Closterium, Microcystis and the diatoms Synedra, Pleurosigma, Surirella, Gomphonema, Navicula and Fragilaria. In this study, Eudorina, Closterium, as well as other diatoms including Microcystis, Navicula along with colonial diatoms were also observed and dominated the guts of 6 fish out of 73 examined fish, particularly in Shavalera and Oval Ponds (Tables II and IV) and no phytoplankton dominated the guts of the fish in Eric’s Pond throughout the sampling events (Table III). Thus, the rarity of diatoms to be a major prey for sticklebacks as well as the species and size of diatoms consumed in this study are similar to what was reported by Hynes (1950). Also, Hynes (1950) did not report dinoflagellates, particularly Peridinium to be a major algal diet, as well as others (Walkey 1967, Wootton 1976, Milinski 1986, Delbeek and Williams 1987, Bergersen 1996). 
However, in this study, Peridinium was a dominant prey for almost half the fish examined from Shavalera Pond (14 fish out of the 27 fish examined in this Pond) and few (only three) fish in Oval Pond (Tables II and IV).  This may be related to the nature of the studied habitats that had more Peridinium than diatoms in addition to factors related to avoiding predators or competition with ninespine sticklebacks (Delbeek and Williams 1987), sockeye salmon (Manzer 1976), or with conspecifics as diet overlap occurs between the different stages of threespine sticklebacks (Hynes 1950, Wootton 1973, Manzer 1976, Wootton, 1976, Wootton 1984). Adults at the spawning season need to feed more than other times, which will elevate competition amongst them and their juveniles (Wootton 1973) as in this study. However, as explained earlier in the Methods, phytoplankton were not sampled in this study and such speculations cannot be verified from this work but will be good to assess in future studies. 
It has been reported that during the spring algae were not an important diet item for sticklebacks, while they formed up to 9% of the diet in summer and early autumn, but their importance increased greatly in September and October, in which diatoms became the principal algae consumed by sticklebacks (Hynes 1950). Only three fish in Oval Pond had their gut dominated with diatoms plus one with only Peridinium as a dominant phytoplankton prey and most of these fish occurred at sampling event 3, which is June (Table IV), while phytoplankton did not dominate the guts of fish in Eric’s Pond at all times (Table III). As for Shavalera Pond, all examined fish at events 3 (June) and 5 (July) had Peridinium dominating their guts, while three fish had diatoms and Volvox dominating their diet at event 6 (early August), one fish at event 7 (mid-August) had Peridinium dominating its diet, and at event 8 one fish had Peridinium dominating its diet too while two fish had diatoms dominating their diets (Table V). However in terms of prey size, Peridinium and diatoms are more or less of similar size (Katechakis and Stibor 2004), and this makes the size classes of phytoplankton, and algae in general, consumed by sticklebacks in this study similar to previous studies, except for Peridinium (as a taxonomic identity) to be consumed by fish as a major prey at some sampling events as mentioned earlier (Tables II and IV). It is also noteworthy that the fish which consumed phytoplankton as a major prey did that during low productivity sampling events most of the time (Tables II and IV, Figure 3).
In general, the diet choice in this study is more or less similar to that previously reported. However, some difference between the diet choice in this study and the previously reported diet choice of sticklebacks could mainly be related to the available prey in the studied habitats (Hynes 1950, Walkey 1967, Manzer 1976) as well as the foraging of sticklebacks themselves (Kislalioglu and Gibson 1976, O'Brien et al. 1976, Gibson 1980). For instance, Bosmina and Holopedium were not found in this study compared to Mullem (1967) but the genera Chydorus and Alonella dominated the prey in this study (Tables II-IV) and such difference in species composition are mostly related to the habitat. However, despite the aforementioned differences in prey species composition, size is more or less similar. For example,  Bosmina and Alonella are of similar size but Holopedium is much larger than all cladocerans encountered in this study (Scourfield and Harding 1966), and both Bosmina and Holopedium were not observed in Gibraltar Point sampled ponds nor in the guts of the examined fish.
 Phytoplankton were reported to be a rare prey for threespine sticklebacks (Hynes 1950, Walkey 1967, Wootton 1976, Milinski 1986, Delbeek and Williams 1987, Bergersen 1996). However, in this study they occurred as a major prey utilized by 22 fish out of 73 of the examined fish of different sizes in different ponds (especially in Shavalera Pond events 3 and 5) at different sampling events, followed by Oval Pond, and phytoplankton were not observed as a major prey in the fish in Eric’s Pond (Tables II-IV).  Harpacticoid copepods were reported to be a rare prey for sticklebacks in Great Central Lake in Canada (Manzer 1976) but they dominated the prey items of 12 of the 73 of the examined fish of different sizes in this study, particularly in Oval Pond (Table IV). So, a size class is available in this study that was rare as a prey in Manzer's (1976) study for either habitat difference or selectivity. Also, the absence of fish eggs and larvae from the guts in this study is because the vast majority of the examined fish are juveniles as adults were reported to feed on conspecific and heterospecific eggs during the spawning season (Abdel’-Malek 1963a, Abdel’-Malek 1963b). Also, it is worth to note that Shavalera Pond was the most crowded pond based on the full trap bottles of fish caught at every sampling event. Therefore, competition is most likely to have played a role in such diet choice, especially under low productivity in Shavalera Pond (Figs. 2-3, Table II) as diet overlap between the different stages of G. aculeatues was observed (Hynes 1950, Wootton 1973, Manzer 1976, Wootton, 1976, Wootton 1984).  
Hynes (1950) reported that the habit of consuming large quantities of diatoms was shown only by fish from large shoals which formed between September and October. Diatoms were found to compose 49% of the diet of 63 fish from a large shoal in September, while 29 fish sampled in the reaches above the shoal, and 45 from reaches below the shoal had not consumed any algae at all (Hynes 1950). Similarly, in early October, when shoals still occurred, 40 fish from shoals had consumed diatoms in large quantities (25%), while 112 other sticklebacks, some of which were sampled in the locality occupied in September by a large shoal, had consumed a minute amount of algae (<1 %) (Hynes 1950). 
Therefore, apparently, only fish in large shoals consumed large amounts of diatoms (Hynes 1950). It is possible that this phenomenon is related to the crowding that occurs during shoaling, which may be due to scarcity of immediately available animal diet (Hynes 1950) and that could have occurred in this study especially in Shavalera Pond, which is the most crowded pond (every time the trap bottle collected was full of fish) and the sign of spawning on males (red head) and females (gravid) are being observed from sampling event 3 until the end, which may add up competition between spawning adults, particularly females, which require a to feed a lot during spawning compared to juveniles (Wootton 1973), resulting in the latter being forced to consume smaller prey but such factors were not assessed in this study as it has also been reported that G. aculeatus usually gather in loose schools and tend to spread apart (i.e. the school gets looser) and once one of them finds food, other fish rush towards it and start searching the same area (Keenleyside 1955).
Larval and juvenile fish inhabiting ponds and rivers seem to more or less feed on the same prey as threespine sticklebacks. A study on the dietary dynamics of juvenile silver perch (Bidyanus bidyanus) in organically fertilized aquaculture ponds in southeast Queensland, Australia, that were dominated by Daphnia, chironomid larvae, and calanoid copepods showed that the selection of planktonic prey was related to prey densities in the ponds (Warburton et al. 1998). Juvenile silver perch preferred Daphnia when it is common, but shifted to insects and calanoids when Daphnia were scarce (Warburton et al. 1998). A perfect rank correlation between the mean prey body size and their contribution to the diet suggested that diet (i.e. prey) choice involved comparative decisions based on the size of the prey (Warburton et al. 1998).
This was also observed by Gibson (1980) for threespine sticklebacks attacking Daphnia swarm, in which they mainly focused on large Daphnia over small ones but when small size prey were more abundant over large size prey, sticklebacks tend to feed randomly in this case. The reason for that is as they are visual predators (Beukema 1968, Wootton 1976) they see the close prey as a large prey sometimes and therefore they consume it, while the distant prey (i.e. the reaction distance), which depends on the size of the image that the prey item projects on the eye retina of the fish in a way that larger prey can be detected at a larger distance (Eggers 1977). In clear water, threespine sticklebacks were able to detect a 10 mm long Asellus or Gammarus at a distance of 440 mm but this distance was reduced to 260 mm in turbid water (Moore and Moore 1976). This would definitely happen in the field, particularly in the ponds in this study as they are small ponds and prey of different sizes are around the fish and that could cause such confusion (Maskell et al. 1977, Ohguchi 1981, Visser 1981). 
Visual predators (mainly fish) play an important role in structuring communities of zooplankton through their ability as selective predators (Brooks and Dodson 1965, Carpenter et al. 1985, Christoffersen et al. 1993). Upon encounter, prey selection by visual predators is controlled by a combination of factors including movement, visibility as determined by size, and pigmentation degree or contrast (Kerfoot 1980, 1982, Buskey 1994), escaping ability (Drenner and McComas 1980), and distribution and abundance (Ivlev 1961, Werner and Hall 1974). It has been reported that the fish Melaniris sp. had selectively preyed upon a bosminid species that had both the smallest body size and the smallest eye spot (Zaret 1980). The study concluded that the fish could be using a search image of prey motion to concentrate on the smaller species (Zaret 1980). Another study had reported that reactive distance of pumpkinseeds fish (Lepomis gibbosus) to the cyclopoid copepod Mesocyclops edax was larger than that predicted by observations of L. gibbosus feeding on other copepod species, and thus suggesting that its characteristic movement was a factor affecting the fish selectivity to that particular copepod (Confer and Blades 1975). 
Buskey and colleagues (Buskey et al. 1993, Buskey 1994) proposed that prey with irregular and active motion patterns may be more attractive to planktivorous fish over prey with smooth behavior. This was also observed in an experiment where larval fish fed on Artemia (Govoni et al. 1983). O’Keefe et al. (1998) showed that fish in their experiment (the bluegill Lepomis macrochirus) had selected faster swimming Daphnia over slow swimming Daphnia among different clones and when the fish were given a choice between slow-swimming individuals of the same clones, they did not show preferentiality to any of them. In addition, when the fish had the choice between a slow-swimming but more darkly pigmented clone and either of the two more lightly pigmented clones (a slow and a fast swimmer), the fish consistently chose the darkly pigmented over the lightly pigmented clone (O'Keefe et al. 1998). This shows that behavioral differences were less important than physical differences, in which the latter differences were responsible for the fish selection of the dark clone (O’Keefe et al. 1998). 
Such patterns were also observed in threespine sticklebacks. An experiment with a pale-yellow or red background colour was conducted in order to see if the colour of the Daphnia along with background colour affects prey selection (Ohguchi 1981).  That resulted in fish directing their first attacks towards the Daphnia that did not match the colour of the background (Ohguchi 1981). Furthermore, threespine sticklebacks feeding on corixid insects in a pond took a greater amount of this prey whose colour made them obvious against the substrate (Popham 1966). Furthermore, it is hard to get a stickleback to feed on a motionless prey such as commercial food than on enchytraeid worms or wriggling Tubifex worms (Wootton 1984). This was also observed in S. spinachia that preferred moving over stationary mysids, in which mysid movement elevated the frequency at which the fifteenspine stickleback S. spinachia attempted or completed feeding responses and maximum response was at a speed of 30 mm-1 (Kislalioglu and Gibson 1976). In addition, S. spinachia preferred dark over light mysids but faster movement was more important than size and both were more important than colours, while shape was the least important (Kislalioglu and Gibson 1976). 
The effect of prey size, prey abundance, and physicochemical factors on diet choice were investigated in this study. However, other previously reported factors, such as prey movement, prey colour, and competition (intra- and interspecific) were not investigated here. However, prey availability is expected to have influenced preference as sticklebacks diet choice has been reported to be more dependent on prey availability than the preference of fish themselves (Wootton 1984).
A study in the lower River Trent, England for the variation in diet of larval and young-of-the-year juvenile fish (different species) among three different habitats showed that rotifers have dominated the diet of roach Rutilus rutilus larvae (stages L1-L3) (Nunn et al. 2007). Only stages L1-L6 used by Nunn et al. (2007) to indicate size, in which the bigger the number the larger the fish larvae. The L4 stage of R. rutilus larvae mainly consumed rotifers and Bosmina sp., as well as copepod nauplii and Bosmina sp. in another habitat of the river (Nunn et al. 2007). In the pond macrohabitat of lower River Trent, L5 and L6 roach fed upon Alona spp., Daphnia hyaline, Bosmina sp., cyclopoid copepods, and chironomid larvae (Nunn et al. 2007). Aufwuchs (the small plants and animals that encrust hard substrates in aquatic ecosystems) was the dominant diet group of young-of-the-year juvenile roach as well as Bosmina sp. and cyclopoid copepods (Nunn et al. 2007). In this study, many fish had detritus in their guts and some of them had it dominating their gut content (Tables II-IV).  Rotifers were most frequently consumed by ﬁrst-feeding chub (Leuciscus cephalus) in the main river and pond macrohabitats of lower River Trent, while rotifers, algae (Closterium spp., Pediastrum spp., and Navicula spp.), and early instar chironomid larvae were the most common food items of L2 and L3 larval stages of L. cephalus at the former site (Nunn et al. 2007). In the pond macrohabitat, L. cephalus larval stages L2-L6 preyed upon rotifers, copepod nauplii, cyclopoid copepods and chironomid larvae, while in the main river macrohabitat, L4–L5 of the same fish species mostly preyed upon Alona spp. and chironomid larvae (Nunn et al. 2007). In the main river macrohabitat, young-of-the-year juvenile chub mostly preyed upon aufwuchs and chironomids (larvae and adults), while in the pond macrohabitat they mostly preyed upon cyclopoid copepods (Nunn et al. 2007).  
In comparison to these reports, in this study, rotifers were also reported to dominate the diet of larval and juvenile stickleback of similar sizes as mentioned earlier (Tables III and IV) and Chydorus (particularly C. ovalis) and Alonella were the main prey cladocerans fed by sticklebacks in this study, which are more or less the same size as Bosmina. Alona was also encountered as a prey cladoceran in this study but not as Chydorus and Alonella (Tables II-IV). Daphnia spp. were not encountered in this study neither in guts nor in ponds but similar large size prey (i.e. calanoid copepods) were encountered, particularly in Eric’s Pond (Tables III). Cyclopoid copepods and insect larvae were also encountered as a major prey in this study (Tables III-IV). Phytoplankton, including diatoms, were found in the guts as dominant prey, mainly in Shavalera Pond (Tables II and IV). Thus, the differences in prey in this study are most probably related to difference in habitats.
Despite the fact that sticklebacks inhabit a wide variety of habitats from large lakes to small streams and to coastal waters, the same prey form the bulk of diet in all these habitats (Wootton 1984). The most important prey include three zooplankton crustaceans (copepods, cladocera, and ostracods); larvae and to a lesser extent the pupae of midges (chironomids); and the aquatic mayfly (ephemeropteran) nymphs (Wootton 1984). Less important prey are also encountered, which are oligochaetes, molluscs, and algae (Wootton 1984). In brackish and coastal waters, G. aculeatus may also feed on amhipods, isopods, and polychaetes (Lemmetyinen and Mankki 1975, Manzer 1976, Wootton 1976, Hennig and Zander 1981). 
These reports suggest that salinity might have played a role in the diet selection of threespine sticklebacks from freshwater to brackish and to marine habitats as in this study from Shavalera (freshwater) to Eric’s (medium salinity) and to Oval (high salinity) Ponds. Salinity tolerance of G. aculeatus fry was tested after hatching at various intervals after hatching (Campeau et al. 1984). At 0.7 and 28 psu, one-week-old-fry had significantly higher mortality compared to 21 psu (Campeau et al. 1984). As for salinity preference for field captured G. aculeatus (mean size = 30±4.6 mm), they showed no salinity preference within the range of 0-28 psu but clear avoidance to 35 psu was observed (Campeau et al. 1984). Also, threespine sticklebacks must eliminate excess ions at salinities higher than about 14 psu (Guderley 1992). As for G. wheatlandi fry (mean size = 29±3.7 mm), they preferred salinities of 7 and 14 psu (near isosmoticity) and avoided 0 and 28 psu (Campeau et al. 1984). Furthermore, active feeding was observed for Culaea inconstans (brook sticklebacks) at up to about 17.5 psu but most feeding had stopped at about 21 psu and at about 24.5 psu, all activity had stopped (Nelson 1968). Moreover, a freshwater population of Pungitius Pungitius (ninespine sticklebacks) stopped feeding at about 28 psu at 16°C and at about 31.5 psu at 8°C (Nelson 1968). In addition, a freshwater population of Apeltes quadracus (fourspine sticklebacks) ceased feeding at about 38.5 psu at 16°C and at about 45.5 psu at 8°C (Nelson 1986). 
Such active feeding patterns could have been exhibited by G. aculeatus (threespine sticklebacks) in this study as the maximum salinity was 12.2 psu and the range of temperature was from about 12.2 °C to about 27.3 °C throughout the sampling period (Fig. 2). So, the habitats in terms of temperature and salinity are not stressful in general. It is also important to note that sticklebacks in this study are assumed to be acclimatized and adapted to environmental conditions in each pond including the levels of salinity.  However, the prey choice in this study could be attributed to available prey that differed from those in the previously reported habitats at different seasons as previous reports suggest that changes in seasonal diet are mainly associated with the type of food available rather than the preference of sticklebacks themselves (Hynes 1950, Walkey 1967, Manzer 1976). In addition, thorough previous studies like the study herein on diet choice in relation to salinity in G. aculeatus are not available to closely compare the findings.  However, it has been reported that larger prey such as amphipods, isopods, and polychaetes were consumed by sticklebacks in brackish and coastal waters, which suggests that salinity has a role to play in diet choice due to the different prey categories that can be found in higher salinities compared to lower salinities (Lemmetyinen and Mankki 1975, Manzer 1976, Wootton 1976, Hennig and Zander 1981). However, reports about the effect of salinity on diet choice of other fish are available. 
Salinity and prey, particularly Chironomidae and Corophium spp., were reported to be the major factors associated with the distribution of young-of-the-year flounder (Platichthys flesus) in the Lima estuary, north of Portugal as the newly settled juvenile flounders were restricted to the Lima upper estuary, and fed almost exclusively on the aforementioned prey items, which are the most abundant prey at that part if the estuary with lowest salinity of 10.3+10.9 psu  (Mendes et al. 2014). The diet became more various as the juveniles grew, including other prey groups in addition to larger size prey (Mendes et al. 2014). Generalized linear models reported by Mendes et al. (2014) showed that salinity (p = 0.05), coupling with the interaction between Corophium and Chironomidae spp. (p = 0.05), were the major factors associated with the young-of-the-year P. flesus abundance in the Lima estuary. Consequently, higher densities of young-of-the-year P. flesus were observed in the upper estuary where both Corophium and Chironomidae spp. were more abundant than in the other areas of the estuary where only Corophium spp. or none of these major diet items were present (Mendes et al. 2014). Chironomidae were also significantly (p = 0.05) associated with P. flesus, although with a minor contribution to deviance percentage explained by the model as reported by Mendes et al. (2014).  
This shows that salinity had affected the diet choice of young-of-the-year P. flesus in a way they are being restricted to lower salinity areas with their preferred diet (Mendes et al. 2014). This also shows that salinity had affected the distribution of the main prey of young-of-the-year P. flesus and thus affected the distribution of the predator itself. Though this study deals with ponds, but the similarity is that lower salinities, especially in Shavalera Pond, had a significant effect on the diet choice. Though this study is more considered with prey size rather than prey taxonomic identity, but still comparable to Mendes et al. (2014) in terms of the significant effect of lower salinities on diet choice. 
The diet of small (60-139 mm) white perch Morone americana fed on various prey across the sampling sites in Delware Bay was dominated by mysids (almost exclusively Neomysis americana but other mysid shrimps included as well but in lower percentages), zooplankton (calanoid copepods, decapod zoeae, and cumaceans), crustaceans (mostly unidentified mysis and other crustacean zooplankton that are not covered by the other categories), and insects (all larval and adults insects, almost exclusively dipteran larvae), depending upon site (Nemerson and Able 2004). These prey categories were proposed by Nemerson and Able (2004) based on the most consumed prey species by larval and juvenile fish examined in their study. 
Small M. americana consumed similar amounts of crustaceans at all sites (33.7 to 48.7%), while zooplankton consumption was very similar at salinities 7.1 psu and  2.8 psu  (24.8 and 24.7%, respectively), and higher than at either 9.4 psu (10.8%) or at 17.9 psu (0.2%) (Nemerson and Able 2004).  The consumption of mysids was highest at 17.9 psu  (48.3%) followed by 9.4 psu (32.2%), which is largely exceeding that at 2.8 psu (1.3%) and  7.1 psu (3.4%) (Nemerson and Able 2004). Insects were consumed only at 2.8 psu (lowest salinity site), where they constituted 23.4% of the diet (Nemerson and Able 2004). The diet of spot Leiostomus xanthurus was strongly dominated by annelids (all oligochaetes and polychaetes) at 17.9 psu (77.9%), but accounted for only 23.9% at 7.1 psu and 31.5% at 9.4 psu (Nemerson and Able 2004). Meiobenthos (harpacticoid copepods, nematodes, and ostracods) were a common prey type at all three sites, although consumption of this category was significantly higher at 7.1 psu (29.2%) than at either at 17.9 psu or 9.4 psu (both 12.4%). Crustacean consumption was significantly higher at both 7.1 psu (19.6%) and 9.4 psu (19.1%) than at 17.9 psu (3.3%). 
In general, the diet of spot was more diverse at both 9.4 and 7.1 psu sites where it was captured compared to 17.9 psu (Nemerson and Able 2004). Spot was absent at 2.8 psu (Nemerson and Able 2004).  Thus, salinity can have an effect on prey selectivity and predator distribution of juveniles of M. americana and L. xanthurus  as obviously insects were only selected at low salinity by the former where they were abundant, while mysids were highly consumed at higher salinities (17.9 and 9.4 psu) (Nemerson and Able 2004). The absence of  L. xanthurus  from the lowest salinity (2.8 psu) site indicate that these fish do not favour such hyposaline conditions (Powell and Gordy 1980) and the variation of their diet selection for meiobenthos being the highest at 7.1 psu as well as for crustaceans while annelids were extensively and specifically selected by these fish at the highest salinity (17.9 psu) (Nemerson and Able 2004). Thus, salinity is responsible in the variation of the diet selected by fish as well as the distribution of fish ass prey diversity in spatial terms within estuaries, as well as predators, and competitors vary (Gunter 1956, Weinstein et al. 1980). According to this variability, it should be expected that differences in resource consumption, growth, and survival are likely to occur, with regions within the estuary that contribute different quantities and possibly sizes of newly young fish at the end of the nursery period (Nemerson and Able 2004). Dealing with closed ponds with distinct salinity characterizing each pond also reveiled such differences in prey availability and prey choice as detailed in Tables II-IV.
It is noteworthy to mention that in some guts, the dominant prey in them were different from those dominant in the pond (Tables II-IV) and that could be attributed to the in part faulty sampling technique, in which phytoplankton were not sampled and the mesh-size used (100 microns) is too big to catch rotifers, as 63 microns plankton net also reported to be inappropriate for rotifer sampling and thus underestimation of their abundance will occur (Chick et al. 2010). The mesh size used in the plankton net in this study was based on the literature that most of the stickleback’s diet is composed of crustacean zooplankton (copepods, cladocerans, and ostracods) and insect larvae (e.g. Wootton 1984) and productivity was planned to be estimated from Chl-a level as described in the Methods and Results. This could be explained by the high Chl-a levels in Shavalera Pond, especially at events 7 and 8 (Figs. 2-3). Although the Chl-a level was lowest during the whole sampling period, particularly events 3 and 8 in Oval Pond (Figs. 2-3), similar situation was observed in Oval Pond at events 3 and 8, where rotifers and phytoplankton dominated the gut content of some fish (Tables II and IV).  
Salinity has a significant effect on the diet choice of larval and juvenile threespine sticklebacks in this study as they showed feeding for prey size selectivity that declined with salinity, and was unaffected by any other biological characteristic other than prey size.  In general, the use of prey items was similar to prey availability as salinity increases and selectivity was strong at low salinity, but more random at high salinity. 
The main difference to other studies could be the dominance of Peridinium as a prey in the guts, particularly in low (Shavalera) and high (Oval) salinity ponds (Tables II and IV). However, other factors are strongly suspected to have played a role in selectivity other than salinity, mainly competition, particularly in Shavalera Pond, as the same situation in terms of selectivity was observed in Hidden Pond (Fig. 6), which was also a very crowded pond but not shown in this study as explained earlier. In addition, selectivity in Square Pond was not observed; a situation similar to that in Oval Pond (Fig. 6). Therefore, despite being of medium salinity like Eric’s Pond, but selectivity differed, and competition is expected to be the main reason in Shavalera and Hidden Pond, while the type of available prey for fish and the lack of crowdness, and thus the lack of severe competition in Square Pond (as well as Eric’s and Oval Ponds) are expected to be responsible for such diet choice. 
The deficiency in sampling described might have affected the comparison between the most abundant prey in the ponds and in the guts in terms of size and species. Thus, considering the appropriate mesh size to sample rotifers as well as phytoplankton is necessary in future studies along with extending the salinity gradient by sampling the nearby coastal area. In addition, laboratory experiments using fish from the same ponds with the same mean salinities observed in the field plus higher salinities to be prepared in the laboratory in order to test the effect of salinity on the diet choice of larval and juvenile threespine sticklebacks to compare the results with those from the field. Also, analyzing the fatty acid content of the major prey consumed by the fish could provide more information about the basis of diet choice beside prey size and environmental factors. Finally, population density and competition must also be considered in both in-situ and in-vivo studies in the future in relation to salinity and diet choice.
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Chapter 3. The effect of salinity, prey size, and prey species richness on the growth rate of threespine sticklebacks (Gasterosteus aculeatus)
3.1. Abstract
Salinity is a dominant environmental factor affecting aquatic fish larvae and juveniles and can have a significant effect on their diet choice and growth rate in their natural habitats. Understanding how salinity affects larval fish growth provides insights important in marine fisheries where spawning grounds are often along shorelines with different salinities than pelagic regions.  I explored larval and juvenile growth rates in threespine sticklebacks Gasterosteus aculeatus collected from along a distinctive salinity gradient. I collected fish which were dissected for their sagittal otoliths in order to back-calculate their growth rates.  The relationship between growth rate and salinity was positive and increased in strength through time. The relationships between growth rate and prey size available in ponds was negative and the strength of this increased through time.  The relationship between growth rate and prey species richness was negative, the strength of which increased through time, until late autumn, when it was positive. The effect of temperature, zooplankton abundance, zooplankton size consumed, pond productivity, and other physicochemical factors on growth rate were not significant.
3.2 Introduction
Marine fish are a major component of the world economy and face numerous threats, ranging from overfishing and global climate change to more localized loss of habitat, pollution, and increasing salinity caused by alterations to freshwater input into marine systems (Handy and Poxton 1993, Pauly et al. 1998, Kaiser and S.J. 2000, Jackson et al. 2001, Al-Yamani et al. 2004, Jaafar et al. 2004, Möllmann et al. 2004, Al-Yamani et al. 2007, King 2007, Bone and Moore 2008, Munday et al. 2009, Sheppard et al. 2010). While attention is typically placed on adult fish, food web biologists and marine ecologists have long championed the importance of larval and juvenile fish (also life stages of other organisms) in fisheries recruitment and because their biomass is an important component of the structure and dynamics of these communities (Cohen et al. 1993, Yodzis 2000, Fuiman and Werner 2002, Urho 2002, King 2007, Bone and Moore 2008, Miller and Rudolf 2011, Rudolf and Lafferty 2011).
Nearly all marine fish start out life as part of the plankton community, where they experience high mortality, in which eggs and larvae experience a daily mortality rate of the order of 5 to 30% of the population (Bone and Moore 2008).  At this stage in their life, they typically feed on other plankton (Last 1980, Laroche 1982, Rajasilta and Vuorinen 1983, Gadomski and Boehlert 1984, Jenkins 1987, Watson and Davis 1989, Gaughan 1992, Sanchez-Velasco 1998, Lehtiniemi et al. 2007, Bone and Moore 2008). During this stage they are sensitive to both direct effects of environmental variation, such as temperature and salinity, and to variation in food resources, itself derived from this environmental variation (Houde 1975, Brander 1995, Huang et al. 2000, Boeuf and Payan 2001, Cabral et al. 2003, Munday et al. 2007, Bone and Moore 2008, Shi et al. 2009, Elliott et al. 2010, Arula et al. 2012, Horvath et al. 2014).  It is particularly necessary to understand larval fish foraging because their survival (10% of all eggs recruit) constitute an essential part of recruitment success (Fuiman and Werner 2002, Urho 2002, Lehtiniemi et al. 2007) and their influence on the size spectra of the entire community (Sheldon et al. 1986, Dickie et al. 1987). 
Temperature, acidification, and salinity are three major environmental variables likely affecting larval fish growth and mortality (Edwards et al. 1971, Bayley 1988, Eggold and Motta 1992, Brander 1995, Imoto et al. 1997, Boeuf and Payan 2001, Toledo et al. 2002, Buckley et al. 2004, Munk 2007, Bayhan et al. 2008, Bone and Moore 2008, Andersen et al. 2009, Munday et al. 2009, Catalán et al. 2010, Bignami et al. 2013).  For several decades now, research on larval fish growth under various temperature regimes has been a central feature of fisheries research (Edwards et al. 1971, Houde 1989, Brander 1995, Blaber 1997, Fuiman and Werner 2002, Bone and Moore 2008). Generally, somatic growth rate increases with temperature as shown in some examples below.
Using five temperature treatment (10, 14, 18, 22, and 26 °C), He et al. (2014) showed that the growth rate of the snout trout Schizothorax (Racoma) kozlovi larvae and juveniles was affected by temperature (He et al. 2014). The relationship was age-class specific with positive relationships at 12-60 days and negative at 60-180 days.  Parabolic regression results indicated that the optimal temperature for maximum growth in larvae and juveniles of S. kozlovi declined with age (He et al. 2014). These optimum temperatures were estimated to be 24.7 °C for the age group of 12-60 day fish, and 20.6 °C for the age group of 60–180 day fish, respectively (He et al. 2014).
Using three different water temperature treatments of 23, 26 and 29 °C, the growth rate of newly-hatched larval yellowtail clownfish Amphiprion clarkii increased significantly with the increase of water temperature from 23 to 29 °C (P < 0.05) (Le et al. 2011). Larvae reared at 23 °C experienced longer time to metamorphose into post-larva compared to 26 and 29 °C (Le et al. 2011).  As for post-larvae, their total length and body weight for development and metamorphosis decreased with the increasing water temperature from 23 to 29 °C. Ambient water temperature also affected larval feeding of A. clarkii significantly with feed ration that increased with the increase of water temperature from 23 to 29 °C and the feeding ration was positively correlated to the growth rate. The effect of temperature on the developmental rate was greater than that on the growth rate. Thus, organ development may lag behind the body grow at lower temperature as the case of A. clarkii  and this may explain why larvae reared at a lower temperature had a larger size at metamorphosis (Le et al. 2011).
	More recently, acidification of the oceans, arising from the rising emission of carbon dioxide, has also become a major issue as the increase of the partial pressures of CO2 (hypercapnia) was reported to affect the physiology of marine organisms (including fish) by induction of acidosis in the body fluids and tissues that increase the acidity in the blood and in other body tissues (Roos and Boron 1981, Portner et al. 2004). Short-term effects of increasing levels of CO2 on fish include alteration of respiration, blood circulation, and the functions of the nervous system, while long-term effects include a decrease in the rates of both growth and reproduction (Ishimatsu and Kita 1999, Ishimatsu et al. 2004, Ishimatsu et al. 2005). 
Kim et al (2014) used the following pCO2 concentrations to investigate the effect of ocean acidification on the growth rate of olive flounder Paralichthys olivaceusas as follows:  (1) 574±0.35µatm, (2) 988±0.11µatm, and (3) 1297±0.47µatm. Higher growth rates were exhibited by ﬁsh larvae experiencing higher concentration of pCO2 (Kim et al. 2013). The larvae at the lowest concentration showed daily growth rate of 0.3603 mm.day-1, while those in the highest concentration exhibited the growth rate of 0.3908 mm.day-1. The larvae at intermediate concentration showed a growth rate of 0.3613 mm.day-1 (Kim et al. 2013).
The effect of acidification on the growth was also tested on larval cobia (Rachycentron canadum), being exposed to four treatments that were divided into two experiments during the first three weeks of ontogeny (Bignami et al. 2013). Larval cobia showed a resistant to the effect of acidification at 800-1002 µatm pCO2 (Bignami et al. 2013). Despite the unaffected somatic growth, otolith size and daily increment formation in cobia larvae was increased (up to 25% larger area) due to the effect of acidification (Bignami et al. 2013). The other experiment had higher levels of pCO2 treatments (3500 and 5400 µatm pCO2), thus, the size-at-age of R. canadum (up to 25% smaller) along with 2-3 days of delayed development (Bignami et al. 2013). It has been hypothesized that CO2 moves freely through the epithelium around where the otoliths are located in young fish and this accelerates the growth of otoliths while the local pH is maintained (Checkley et al. 2009). 
In some parts of the world, increasing salinity is also a problem including New York city (NYSDEC 2010), Gibraltar Point and eastern England (this study), and, in particular, the Arabian (= Persian) Gulf (Al-Yamani et al. 2004, Al-Yamani et al. 2007, Sheppard et al. 2010).  Many spawning grounds for commercial fish are in coastal areas (Urho 2002, Al-Yamani et al. 2004, Al-Yamani et al. 2007, Bone and Moore 2008, Sheppard et al. 2010). Alteration to freshwater outflows close to such spawning grounds can dramatically change salinity (Al-Yamani et al. 2004, Al-Yamani et al. 2007, Sheppard et al. 2010).  These often arise from upstream land use changes due to agriculture and dams for water management (Al-Yamani et al. 2004, Al-Yamani et al. 2007, Sheppard et al. 2010).
For example, the Arabian Gulf has an average salinity of 34.5-42.25 psu (Cohen et al. 1993). While nowhere near as high as the Dead Sea [350 psu; (Al-Yamani et al. 2004)], development of hydroelectric and agriculture infrastructure in Iran and Iraq is increasing salinity along many coastal spawning grounds for commercial fish. Dams were and are being built on different parts of Euphrates and Tigris Rivers in Iraq, Syria, and Turkey as well as on rivers in Iran for agricultural and hydroelectrical purposes and that caused an elevation in salinity, especially in the nursery and spawning grounds where the freshwater runs off in the northwestern Arabian Gulf (Al-Yamani et al. 2007, Sheppard et al. 2010). 
A wide inter-annual range was reported (  ̴16.5 psu) to exist between minimum mean salinity (24.1 psu in 1996) and maximum mean salinity (40.6 psu in 2000) recorded in Khor Al-Sabiya, which is part of the nursery habitat (Al-Yamani et al. 2007). The mean salinity for the whole region for maximum and minimum salinity during the period 1923-1996 was 42.25 and 34.5, respectively (Alessi et al. 1999) but recently, salinity higher than 39 psu were reported in most waters of the Arabian Gulf (Sheppard et al. 2010) and some parts of the Arabian Gulf, particularly middle and south, had exceeded this salinity to a range of 55-90 psu (Sheppard et al. 2010). Furthermore, several natural communities can be affected by salinization.  Road –salt run-off in temperate winters can elevate pond and lake salinity (Cañedo-Argüellesa et al. 2013).  Additionally, coastal areas experience underground changes in the salt/freshwater interface leading to dramatic changes in the landscape profile of salinity (Barlow 2003, Nicholls et al. 2007). These anthropogenic and natural changes in salinity can not only affect commercial fish species (e.g. Arabian Gulf) but also natural communities and smaller ecosystems (Sheppard et al. 2010).
The alteration of salinity conditions in the Arabian Gulf have been favourable for some other species, in which some species such as Lethrinus nebulosus, were restricted to Kuwait’s southern waters but sport fishermen reported catching this species in Kuwait Bay (Sheppard et al. 2010). Commercial landings of L. nebulosus had elevated from 17 to 92 tons, a rise of 441% during the period from 1994 to 2007 (Sheppard et al. 2010). Furthermore, the landings of another species (Nemipterus japonicas) have elevated since the mid 1990s to 2007 to about 50 tons on average every year (CSO 1979-2007). These total amounts are low and do not counterbalance losses of Kuwait’s most favoured fish (Sheppard et al. 2010) but highlight the dynamic nature of the community in the face of environmental change (Sheppard et al. 2010). 
In this chapter I present data on three wild populations of threespine sticklebacks G. aculeatus.  I collected fish from a low, moderate and high salinity environments at five time points through the breeding season.  Using their otoliths, I back-calculated the growth rate of all of the fish, and related this growth rate to several physical and biological characteristic of the ponds, including salinity, temperature, productivity, and zooplankton abundance. 
The difference between this study and previously reported studies about feeding, environmental factors, and their effect on the growth rate of sticklebacks are: 1) I investigated the growth rate of larval and juvenile threespine sticklebacks G. aculeatus in their natural habitats in relation to salinity and food (availability and size); and 2) I used their otoliths to back-calculate their growth rate.. Such combination is unique and important in order to accurately determine the growth and factors affecting it in natural populations such as food and physichochemical characteristics.  The research questions of this Chapter were: (1) Does salinity affect the growth rate of juvenile threespine sticklebacks? (2) Do prey species richness and prey size affect the growth rate of juvenile threespine sticklebacks? and (3) Do temperature, productivity, and other environmental factors affect the growth rate of juvenile threespine sticklebacks?
3.3. Methods
Most methods related to fish, their prey and environmental characteristics are the same as reported in Chapter 2. The same fish that were dissected for gut content analysis in Chapter 2 Tables II-IV are the same ones dissected for otoliths to back-calculate their growth rate and to look up the effect of salinity and food on it as will be shown. 

3.3.1. Otolith processing
Sticklebacks (G. aculeatus), mainly juveniles, which are less than 40 mm as previously reported (Craig-Bennett 1931, Baggerman 1957),  were examined in this study. The total number of fish examined was 73 fish in total from all ponds throughout the sampling period (the same fish examined for diet choice as shown in Chapter 2 Tables II-IV at each sampling event). These fish were dissected for otoliths using scalpel and electrolytically sharpened tungsten needles. After being rinsed in distilled water, otoiths were then mounted on glass slides with glycerol and covered with cover slips and photographed under Olympus-BX51 compound microscope. Images were then processed for age estimation and ring width calculation using Image-J software (Abramoff et al. 2004).
Ageing was performed by counting each ring along a straight line and in one direction chosen for all the examined otoliths in order to reduce errors. Measurements start from the nucleus (age 0) up to the last ring before the edge in one direction and in a straight line. Calculation of ring width for all otoliths was carried out in a custom R script that analyzed the X and Y coordinates resulting from points placed along the ageing line on each otolith based on Pythagoras theorem (R-Core-Team 2013). Dr. Clive Trueman from the University of Southampton, as well as Ms. Sara Rajab (former KISR member and currently in Kuwait University) and Mr. Talal Dashti from the Kuwait Institute for Scientific Research were kindly helpful in advising and guiding me through these techniques plus providing some references (Sparre and Venema 1998, Panfili et al. 2002, King 2007, Green et al. 2009). Figure 1 shows a diagrammatic representation of an otolith describing how measurements for both number of rings and ring width took place.    
3.3.1. Growth rate calculations
I estimated growth rates using a standard back-calculation method, where size at capture and a standard size-at-birth are used in conjunction with otololith ring widths to reconstruct the growth trajectory of each fish (Campana 1990, Green et al. 2009). I applied the Fraser-Lee equation (Campana 1990, Green et al. 2009) which describes the relationship between length and age based on assumptions about proportionality between otolith increments and body size increments.
La = Lc + (0a-0c) x (Lc-Lo) / (0c-0o)
where La is the back-calculated length of the fish at age a, Lc and Oc are the size of the fish and otolith at capture, respectively, while Lo and Oo are the size of the fish and otolith at hatching, respectively, and Oa is the size of otolith at age a (Campana 1990, Green et al. 2009).
 Body length at hatching (Lc) of G. aculeatus was based on Swarup (1958). Size of otolith at hatching (Oo) was based on the width of the first otolith increment. Size of otolith at capture (0c) was estimated by the cumulative sum of all ring widths. Having reconstructed the trajectory of size through time, I estimated the growth rate for each fish as the slope of this reconstruction.
3.3.2. Statistics
I used mixed models to explore how growth rate varied as a function of salinity, temperature, zooplankton diversity, zooplankton abundance and zooplankton size, and productivity.  I fit models allowing for interactions between sample event and these variables, and specified pond as a random effect, accounting for the repeated measurements in each pond.  
3.4. Results
All results related to the field site and fish along with their prey in terms of size and abundance are the same as reported in Chapter 2 except few that will be explained here. 
3.4.1. Age and size through the season 
Figure 2 demonstrates that size and age both increase through the season and are positively related, especially in Oval and Eric’s Ponds, where salinities are high and medium, respectively. The relationship in Shavalera Pond showed a positive relationship up to event 5 and then more or less stayed the same at event 6 and declined at event 8 and that could be related to temperature and/or feeding. 
3.4.2. Effect of salinity and other factors on the growth rate

Multiple regression models indicated that the effect of salinity, zooplankton size in pond, and zooplankton species richness on growth rate depends on the time in the season (see Table I and Fig. 3). Productivity (Chl-a) and temperature had no influence on growth rate. Furthermore, figure 4 shows the change of the aforementioned three significant factors over the sampling period. 
3.5. Discussion

In this study, I aimed to assess whether the growth rate of larval and juvenile threespine sticklebacks was affected by salinity and I found that the effect of salinity was significant and its strength increased throughout the study period forming a positive relationship (Table I, Fig. 3). Also, the effect of prey size was significant and increased in strength throughout the sampling events forming a negative relationship (Table I, Fig.3). In addition, the effect of species richness on growth rate was significant and its strength elevated with time (Table I, Fig.3). However, in autumn, the relationship between growth rate and prey size turned positive (Fig. 3). The effect of temperature, zooplankton abundance, and pond productivity on growth rate were not significant.
Several studies and natural experiments showed that food quality (e.g. toxic phytoplankton) severely limits larval growth (Govoni et al. 1986).  Temperature optima are well established for numerous marine species of commercial importance, in the wild and in aquaculture (Houde 1975, Munday et al. 2007).  
Salinity optima also exist (Shi et al. 2009) and are important feature of communities in the context of land use and climate change.  Furthermore, growth can depend on intra- and interspecific competition and may therefore be density-dependent (Bone and Moore 2008). Although in this study temperature effect was statistically not significant, it is most likely to have a coupled effect with salinity in increasing the growth rate from sampling event 6 onward (Fig. 3). Also, the very significant and prominent effect of salinity on the growth rate of sticklebacks in this study could due to the more or less stable level of salinity in each pond throughout the study period and the temperature range was not stressful for the sticklebacks in this study, as such ranges (11-27 °C) were reported to be non-stressful for sticklebacks (Wootton 1484).
The growth rate of threespine sticklebacks fry was experimentally tested, in which two sets of fry were hatched at two different salinities, 0 psu and 20 psu and then each batch exposed to an increasing gradient of salinity to monitor their growth rate (Belanger et al. 1987). Those hatched at 20 psu responded to increased salinity with higher growth rate, while those hatched at 0 psu responded to increased salinity with lower growth rate (Belanger et al. 1987). Fry hatched at 20 psu and reared in 0, 7, 14, 21, and 28 psu salinities showed an increase in their growth rate with increasing salinity being 0.12, 0.32, 0.346, 0.392, and 0.46 mm.day-1, respectively (Belanger et al. 1987). As for fry hatched in 0 psu, their growth rate was high at 0 (0.285 mm.day-1) and at 7 psu (0.364 mm.day-1), but decreased at higher levels being, 0.344, 0.34, and 0.22 mm.day-1, at 14, 21, and 28 psu, respectively and higher mortalities were observed at 0 and 28 psu (Belanger et al. 1987).  
Similar results to those reported by Belanger et al. (1987) were observed in this study with growth being lowest (0.263±0.015 mm.day-1) at freshwater (i.e. Shavalera Pond) and increased with increasing salinity being 0.279±0.015 mm.day-1 and 0.305±0.013 mm.day-1 in Eric’s and Oval Ponds, respectively (Fig. 3). These growth rate values are the overall means with standard errors in each pond across all sampling events. In addition, the 
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Fig. 1. A diagram showing how rings are counted by placing the red dots on each. Only the red dot in the centre does not lie on a ring, indicating age zero. The dashed line indicates the nucleus border, which is not a ring. In R software, a script was written to analyze the distance between the dots based on the X and Y coordinates where the dots are placed in order to determine the ring width. The ring width (the increment width shown in purple) is calculated using Pythagoras theorem (Z= √X2+Y2), in which from the X-axis (green) distance, as well as the Y-axis (blue) distance obtained by the software, the increment width is determined. The edge is not considered as a ring. 

difference in salinity range between both studies being between 0.345-0.395 psu (mean = 0.365±0.01 psu) in Shavalera Pond, 1.89-2.985 psu (mean = 2.42±0.16 psu) in Eric’s Pond, and 8-12.2 psu in Oval Pond (mean = 10.52±0.6 psu) (Fig. 4), did not affect the major outcome that salinity had positively affected the growth rate of larval and juvenile sticklebacks.
Mean growth rates in Square and Hidden Ponds were 0.252±0.017 and 0.258±0.017 mm.day-1, respectively and the mean salinity in these ponds were very close, being 1.866±0.058 psu (range: 1.675-1.995 psu) and 1.794±0.061 psu (range: 1.65-1.94 psu), respectively, which are lower than Eric’s but higher than Shavalera Pond. I focused on Eric pond in this study as the single medium salinity pond, as explained in Chapter 2.  Furthermore, both Hidden and Square pond possessed too few fish at numerous sampling dates to reliably estimate growth.  According to Figure 3, I detected a change in the relationship between growth rate and salinity through the season. In comparing Figure 3a and 3b, I confirmed that the relationship between growth rate and salinity is consistent whether I used only three or all five ponds. 
The differences in growth rate here with those reported by Belanger et al. (1987) could mostly be due to the experimental design, as this study dealt with fish from their natural habitats and growth rate was calculated using otoliths, while Belanger et al. (1987) study was based on a laboratory experiment and growth rate was derived from the change in fish length rather than otolith growth increments. Also, fish are supposed to be acclimatized to the conditions in their ponds from where they were collected and analyzed 
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Figure 2. Left: Mean fish age (days) throughout the sampling events in the three sampled ponds. Middle: Mean fish size (total length in mm). Throughout the sampling events in the three sampled ponds. Right: the aforementioned mean fish size vs mean fish age throughout the sampling events in the three sampled ponds. Error bars represent standard error. The relationship between size and age showed positive relationship throughout sampling events, particularly for Oval and Eric’s Ponds. Though the relationship in Shavalera Pond showed a positive relationship up to event 5 and then more or less stayed the same at event 6 and declined at event 8 and that could be related to temperature and/or feeding. 




Table I. ANCOVA table showing the parameters with significant effect on the growth rate of larval and juvenile G. aculeatus. The final three rows highlighting the significant effects that salinity, zooplankton size in pond, and zooplankton species richness have on growth rates through time (see Figure 3 for visualization).  
	Term
	DF
	Chisq
	P

	Sampling Events
	1
	2.154
	0.142

	Salinity (psu)
	1
	0.170
	0.680

	Zooplankton Size in Pond (mm)
	1
	1.452
	0.228

	Zooplankton Species Richness (S)
	1
	0.767
	0.381

	Sampling Events: Salinity (psu)
	1
	6.175
	0.013

	Sampling Events: Zooplankton Size in Pond (mm)
	1
	5.735
	0.017

	Sampling Events: Zooplankton Species Richness (S)
	1
	4.234
	0.040
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Figure 3. Scatter plots showing (A) the relationships between salinity and growth rate for the five sampled ponds, (B) the relationship between salinity and growth rate for three ponds only, (C) zooplankton size in pond and growth rate for three ponds only, and (D) species richness and growth rate for three ponds only. The plots show how the relationships change through the season (sampling events). Each dot represent the growth rate of an individual fish.
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Figure. 4. The significant factors affecting growth rate in this study: (Left) Prey species richness, (Middle) salinity (psu), and (Right) mean zooplankton size in pond=ZooSize (mm) in the three sampled ponds at Gibraltar Point Sample events on x-axis are just to replace dates as explained in Chapter 2. Sample events 3, 5, 6, 7, and 8 refer to the following dates in the year 2013: 21 June, 19 July, 2 August, 14 August, and 12 October, respectively. Each pond is represented by a specific colour as shown in the legends next to each graph.


unlike Belanger et al. (1987) who exposed 0 psu and 20 psu hatched fry to different levels of salinity as explained above. In addition, fish in the field would experience various kinds of stress such as starvation and temperature fluctuations at different times during their life (Fortier and Harris 1989, Bone and Moore 2008); problems that are controlled in in vivo studies.
Generally, fish in seawater tend to lose water from their bodies (lower solute concentration) to the surrounding (higher solute concentration) (i.e. osmosis), while particles (i.e. ions) move from water (higher concentration) into the fish (lower concentration) (i.e. diffusion), while the situation is opposite in freshwater (Bone and Moore 2008). Therefore, fish in seawater tend to keep more water and lose more ions mainly through their gills and kidneys to maintain osmoregulation, while fish in freshwater tend to keep more ions and lose more water (Bone and Moore 2008). Osmoregulation is a process that requires energy by the fish to perform, especially in hypo- and hypersaline conditions (Furspan et al. 1984, Boeuf and Payan 2001, Mommsen and Moon 2001, Bone and Moore 2008). Such energy requirements might induce fish to feed more, in addition to the salt ions that are highly available in the surrounding and essential for somatic growth such as sodium and potassium (Waldeggar et al. 1997). Therefore, medium salinity is optimal for the fish and they can maintain osmoregulation without stress (Bone and Moore 2008). 
Sticklebacks, like other fish, do face the same situations with osmoregulation and as they are euryhaline, they can tolerate wide range of salinity from freshwater to coastal waters, especially the ones that migrate between freshwater and saltwater (Wootton 1984) and it has been reported that sticklebacks must eliminate excess ions in salinities above 14 psu (Guderley 1994). In this study, maximum salinity was 12.2 psu, therefore, the situation in Shavalera Pond (lowest salinity pond) could be stressful as it is freshwater (0.365±0.01 psu), while in Eric’s and Oval Ponds the situation is not stressful for the fish and it is important to note that they have been living in ponds, which they are supposed to be acclimated to their surroundings. Furthermore, threespine sticklebacks 5 weeks old fry showed no salinity preference between 0-28 psu but clearly avoided 35 psu in an in vivo experiment (Campeau et al. 1984). 
In this context, such positive relationships between growth and salinity were also reported for mollies (Poecilia vivipara) in coastal lagoons in the north of the State of Rio de Janeiro in Brazil, in which fish inhabiting brackish water salinities were larger in size than fish inhabiting the freshwater part  (Neves and Monteiro 2003, Gomes and Monteiro 2008, Araujo et al. 2014). As for larval groupers and seabream, growth rate varied with salinity in a humped shaped fashion, being highest at intermediate salinities (Toledo et al. 2002, Shervette et al. 2007). This shows the ability to tolerate salinity is different among fish species and freshwater could be stressful in physiological terms for some, including sticklebacks as was reported for Poecilia latipinna and Gambusia affinis (Martin et al. 2009).
In Otsuchi Bay in northeastern Japan, juvenile threespine sticklebacks sampled once in July, where salinity and temperature ranges were 28.4-33.3 psu and 15.9-20 C°, respectively (Arai et al. 2003). In this study, otolith chemistry was used mainly to detect migration history of these fish between fresh and salt water (Arai et al. 2003) and the growth rate reported was 0.17±0.01 (range: 0.16-0.2) mm.day-1 (Arai et al. 2003). The size range of fish in Arai et al. (2003a) study was 21.6-25.9 mm (mean±SD= 23.7±1.2 mm), which is partially similar to the size range of 14 fish out of 73 fish in this study (closest size range= 22-26 mm) and the rest were either smaller (50 fish) or bigger (9 fish) (see Tables II-IV in Chapter 2). Therefore, the lack of frequent sampling in Arai et al. (2003) throughout the season, the migration of these fish from fresh to salt water and vice versa, and the majority of sizes targeted in this study were mostly smaller than 22 mm had most likely affected the results obtained by Arai et al. (2003) for the growth rate being 0.17±0.01 mm.day-1, while the smallest overall mean growth rate value across sampling events in this study was 0.263±0.015 mm.day-1 at the lowest salinity as fish in this study did not experience migration as they are located in closed ponds. In addition, food was not considered by Arai et al. (2003), unlike this study.
The growth rate of fish in general must have some sort of functional relationship to the food intake rate (Parks 1982). However, food cannot be considered solely as an affecting factor apart from environmental conditions (Munk 2007). The growth rate of sticklebacks depends on the rate of food consumption (Wootton 1976). Also, several studies showed that food quality (e.g. toxic dinoflagellates) affects larval fish growth (Govoni et al. 1986, Abu-Rezq et al. 2002, Almatar and James 2007, Cortes and Tsuzuki 2012, de Haro et al. 2015). Food is present in diverse forms expressed as species diversity and species richness, and it has been reported that prey diversity affects the growth rate of some fish (e.g. Olson et al. 2007). 
The growth rate of largemouth seabass (Micropterus salmoides) was positively correlated to prey species diversity (H’) (various fish) and this correlation was strong for small largemouth seabass and decreased with size (Olson et al. 2007). Although the mechanism is not known, the correlation was not driven by productivity, total fish abundance, or the abundance of predators (Olson et al. 2007). Young-of-the-year fish prey were important for small bass (Mittlebach and Persson 1998) and this could be due to the mouth size of predators as they cannot consume larger fish at this stage, while older and larger M. salmoides have larger gapes and therefore able to consume small and large prey (i.e. less dependent on prey diversity) (Olson et al. 2007). Therefore, higher growth rate in high diversity systems could be due predator:prey mass ratio interaction (Olson et al. 2007). 
In this study, species richness was inversely related to salinity (highest in Eric’s Pond, S=16.7±1.99, followed by Shavalera Pond, S= 16.2±1.63, and Oval Pond, S= 13.4±1.123, Fig.4) and that could be the reason behind such relationships as species richness was higher at lower salinities (Eric’s and Shavalera Ponds) than at high salinity (Oval Pond) (Fig. 4). Higher species richness eventually leads to prey variation in terms of taxonomic identity as well as size (see Tables II-IV in Chapter 2) despite the level of this variation as observed in this study, but prey choice accounts for size and environmental factors detailed in Chapter 2. 
Logically, as mentioned above, as prey species richness increases, more diverse prey will be available in terms of taxonomy and size, especially in the plankton community. In this study, mean prey size in pond behaved the same way as prey species richness through its effect on sticklebacks growth rate (Table I, Fig. 3). Such relationship could be because the largest mean prey size in pond was in Shavalera Pond (lowest salinity) rather than an actual effect (Fig. 4). The overall mean prey size in Shavalera Pond is 0.683±0.07 mm, followed by Oval Pond (high salinity) that is 0.52±0.05 mm, which is not significantly different from Eric’s Pond (medium salinity), which is 0.51±0.04 mm (Fig. 4). However, an experiment by Hubenova and Zaikov (2013) on prey (crucian carp Carassius auratus gibelio) size selectivity by pike (Esox lucius) showed that predators mostly preferred larger prey over small prey. Also, after the study period (30-38 days), an increase in the weight of pike was observed and the mean growth rate estimated was 110.66 g.day-1 (Hubenova and Zaikov 2013). 
However, as Hubenova and Zaikov (2013) carried out an in vivo experiment (i.e. controlled environment), prey type was the same in terms of taxonomic identity, and predators, though preferring larger prey, fed on mixed sizes (Hubenova and Zaikov 2013). Therefore, these could be biases in growth rate estimation and the change in weight was only noted at the beginning and at the end of that study and not analyzed explicitly as the objective was determination of prey size selectivity (Hubenova and Zaikov 2013). Furthermore, it has been reported that the mysid Neomysis and the amphipod Gammarus of length 13.5±1.3 mm and 8.1±0.8 mm, respectively hold approximately equal energy values (Kaiser et al. 1992). Also, larger Daphnia was reported to be more profitable than smaller Daphnia as a prey for threespine sticklebacks (Gibson 1980). Such type of energy equivalence between different species and size or among the same species but with different sizes could also have occurred in this study with some prey but that was not considered in this study and would be interesting to conduct such research in the future to compare energy content equivalence between different and same taxonomic prey and their sizes and see how it affects the growth rate of larval and juvenile fish.
This shows that salinity had the most prominent effect over both mean prey size and species richness in ponds according to the results in this study. Furthermore, mean prey size consumed by the fish had no significant effect on the growth rate of the fish in this study (p=0.7) and this could be related to variations in mean size consumed and as well as the amount of nutritious prey in the diet. Higher fatty acid content illustrates higher levels of nutrition (De Pauw and Pruder 1986, Stqttrup et al. 1986, Klein Breteler et al. 1999, Callan et al. 2012, Cortes and Tsuzuki 2012). In Oval Pond, fish fed mainly on copepods (particularly harpacticoids) and insect larvae, while fish in Shavalera Pond fed mainly on Peridinium dinoflagellate (see Tables II and IV in Chapter 2). The growth rate was higher in the former pond than latter. Copepods, as well as larval insects, have very high lipid content enhancing the growth rate of fish (De Pauw and Pruder 1986, Cortes and Tsuzuki 2012, de Haro et al. 2015) as well as being larger in size compared to phytoplankton and many cladocerans.
Salinity and prey, particularly Chironomidae and Corophium spp., were reported to be the major factors associated with the distribution of young-of-the-year flounder (Platichthys flesus) in the Lima estuary, north of Portugal as the newly settled juvenile flounders were restricted to the Lima upper estuary, and fed almost exclusively on the aforementioned prey items, which are the most abundant prey at that part if the estuary with lowest salinity of 10.3±10.9 psu  (Mendes et al. 2014). The diet became more various as the juveniles grew, including other prey groups in addition to larger size prey (Mendes et al. 2014). Consequently, higher densities of young-of-the-year P. flesus were observed in the upper estuary where both Corophium and Chironomidae spp. were more abundant than in the other areas of the estuary where only Corophium spp. or none of these major diet items were present (Mendes et al. 2014). This shows that salinity had affected the diet choice of young-of-the-year P. flesus in a way they are being restricted to lower salinity area with their preferred diet (Mendes et al. 2014). 
The similarity to this study is that lower salinities had a significant effect on the diet choice like in Shavalera Pond. Though this study is more considered with prey size rather than prey taxonomic identity, but still comparable to Mendes et al. (2014) in terms of the significant effect of lower salinities on diet choice. Though, a proposed competition resulted from crowding in Shavalera Pond (as well as Hidden Pond) might have played a role in the diet choice of larval and juvenile sticklebacks as explained in Chapter 2. Growth can depend on intra- and interspecific competition and may therefore be density dependent (Bone and Moore 2008) and it has been reported that the abundance of largemouth seabass (M. salmoides) was negatively correlated to their growth rate (Olson et al. 2007) and that could be applicable on Shavalera and Hidden Ponds in this study as they were the most crowded ponds but that was not considered in this study. 
Temperature is considered to be one of the major factors controlling the most important rates of marine fish during their early life stages (Miller et al. 1988, Bailey and Houde 1989, Hare and Cowen 1997). Slight temperature fluctuations can strongly affect larval growth rates, which in turn strongly affects larval duration (O’Conner et al. 2007), vulnerable times to size dependent-predation (Atkinson 1996), and size at which metamorphoses (from larva to juvenile) occurs (Green and Fisher 2004). It has also been reported that the means of somatic and otolith growth rates were lower at 22-23°C and higher at 27-28°C and at lower than higher salinities and at lower than at higher rearing densities of the Japanese eel Anguilla japonica (Tzeng 1996).
Sticklebacks are not only euryhaline and can be found in typical wide ranges of salinities, they also exhibit a wide geographical distribution worldwide from North America, Europe up to Far East Asia (Wootton 1984). This also shows that they can adapt different ranges of temperatures (Wootton 1984). Generally, sticklebacks exhibit growth patterns similar to other fish in relation to temperature (Cole 1978, Allen and Wootton 1982b, Wootton 1984). The food consumption and metabolism rates are strongly temperature dependent in sticklebacks, therefore, it is a powerful environmental factor affecting the relationship between food consumption and growth (Wootton 1984). Food consumption rate elevates with temperature, at least up to some optimal temperature where the rate is maximal (Wootton 1984). 
The effect of temperature on body weight and growth of sticklebacks is directly proportional (Cole 1978). For instance, at 7°C, 12.5°C and 20°C the growth rate of sticklebacks weighted 0.500g was 0.007, 0.024 and 0.028 kJ day-1, respectively with food consumed being higher as weight increases (Cole 1978). Sticklebacks also experienced a low growth rate at 3°C with a slow food consumption rate while the highest growth rates were recorded at 19°C (Allen and Wootton 1982b). Also, another study (Mullem 1967) showed that the mean length reached at 20°C was 17.3 mm 29 days after hatching. As for freshwater populations, the reported mean specific growth rate for length and weight were 0.030 mm. day-1 and 0.095g day-1, over 32 days, while the mean specific growth rate for laboratory population was 0.037 mm. day-1  over 29 days (Wootton 1984). 
It has also been reported that fish from a single nest had reached a mean weight of 0.031g and a mean length of 14.8 mm within 32 days (Allen and Wootton 1982a). The growth of G. aculeatus in the first month or so after hatching is reported to be difficult to measure in the field because the small size of these fish is difficult to sample (Allen and Wootton, 1982b) and that was also experienced in this study but we managed to catch a lot of small sizes (see tables II-IV in Chapter 2). 
It has been reported that in Llyn Frongoch, young fish from a single nest had reached 14.8 mm as a mean length within 32 days after first observation (Allen and Wootton, 1982b). Cultures in the laboratory showed that a mean length of 17.3 mm 29 days after hatching at 20 °C was reached by the fish (van Mullem 1967). In both natural environments and laboratory cultures, the specific growth rates were particularly high in the first month of life (Allen and Wootton, 1982b). The mean growth rate (over 32 days) of Llyn Frongoch fish was 0.03 mm. day-1, but it was 0.037 mm. day-1 over 29 days (Allen and Wootton, 1982b). In addition, it has been reported that for any given age group of threespine sticklebacks collected from Birket River, the mean size reached by June 1948 (42.25 mm, an average of all age groups reported) was greater than the size reached in June 1947 (36.275 mm, an average of all age groups reported) and this is almost certainly as an outcome of the severe winter experienced by these fish during the period 1946-1947 and the relatively late spring in 1947 (Jones and Hynes 1950). Also, G. aculeatus that were reared under 5 and 10 °C, resulted in otolith increment widths lower than 1.7 µm while those reared under 15 °C resulted in a range of increment widths of 1.7-3.3 µm (Wright and Huntingford 1993), and larger increments indicate higher growth rate (Mosegaard et al. 2002).
Such a strong effect of temperature was not observed on stickleback growth rate nor via food (species richness and mean prey size in pond). This could be attributed to the somehow stable level of salinity in each pond during the sampling events in addition to species richness and the variety in available prey, especially in terms of size. Also, the range of temperature during the sampling period in the three ponds reached its peak at event 5 in both Shavalera (25 °C) and Oval (23.25 °C). Ponds and then started to drop reaching 12-13 °C in both ponds at event 8 (see Fig. 2 in Chapter 2). Eric’s Pond reached its peak temperature (24.95 °C) at event 6 before starting to drop reaching the same temperature as both Shavalera and Oval Ponds at event 8 (see Fig. 2 in Chapter 2).
It is noteworthy to mention that dominant prey in the pond (see Tables II-IV in Chapter 2) could be attributed to the in part faulty sampling technique, in which phytoplankton were not sampled and the mesh-size used (100 microns) is too big to catch rotifers, as 63 microns plankton net also reported to be inappropriate for rotifer sampling and thus underestimation of their abundance will occur (Chick et al. 2010). The mesh size used in the plankton net in this study was based on the literature that most of the stickleback’s diet is composed of crustacean zooplankton (copepods, cladocerans, and ostracods) and insect larvae (e.g. Wootton 1984) and productivity was planned to be estimated from Chl-a level as described in the Methods and Results of Chapter 2. This could be explained by the high Chl-a levels in Shavalera Pond, especially at events 7 and 8 (see Figs. 2-3 in Chapter 2). Although the Chl-a level was lowest during the whole sampling period, particularly events 3 and 8 in Oval Pond (see Figs. 2-3 in Chapter 2), similar situation was observed in Oval Pond at events 3 and 8, where rotifers and phytoplankton dominated the gut content of some fish (see Table IV in Chapter 2).  
Salinity had a significant and prominent effect on the growth rate of larval and juvenile threespine sticklebacks in this study that increased with increasing salinity. Species richness and mean prey size in pond also had a significant effect on the growth rate, in which they declined with salinity. However, their effect is not stronger than that of salinity. The effect of temperature, productivity, and zooplankton abundance was not significant. The deficiency in sampling described in Chapter 2 might have affected the estimation of prey size in pond as well as prey species richness. Thus, considering the appropriate mesh size to sample rotifers as well as phytoplankton is necessary in future studies. Also, feeding experiments should be carried out by rearing of sticklebacks from Gibraltar Point ponds under similar salinity gradient found in each pond in this study with different prey quality. Also, extending salinity gradient by sampling sticklebacks and plankton from the nearby sea to have a clearer picture on the effect of all salinity gradients (freshwater, brackish water, and marine water) and different prey on the growth rate of larval and juvenile threespine sticklebacks G. aculeatus.
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Chapter 4. The effects of life stage structure on a commercial fishery food web: a case study with the Arabian Gulf (=Persian Gulf)
4.1. Abstract
Taxonomic identities are typically used to build food webs. Therefore, diversity in feeding linkages taking place during the growth and development of individuals are ignored. This issue is particularly relevant in aquatic communities where the life cycle of fish and crustaceans, many of which are commercial species, experience distinctive and sometimes extreme ontogenetic shifts in both habitat and diet.  Because of this, it has recently been recognised that specifying the age/size/stage of fish and crustaceans can markedly alter the complexity and structure of food webs. In this study, I constructed two versions of the Arabian Gulf food web, one taxonomic and one with life cycles represented. With these, I explored the influence of commercial species on food web properties, the mean trophic level, and the top 5% most vulnerable species in each food web. The removal of commercial species decreased most of the food web characteristics linked to complexity in the taxonomic web. This was also observed in the life stage web. However, when nodes were disaggregated into life stages, the effect of commercial species on some network properties (e.g. connectance and clustering coefficients) were reserved due in part to the increase in number of nodes. Mean trophic level in both food webs decreased in the absence of commercial species, while mean maximum diet similarity was increased with the absence of commercial species, but not significantly higher in taxonomic compared to life stage web. In comparison to other webs, the Arabian Gulf food web had values of connectance, generality standard deviation, and vulnerability standard deviation are within the range reported by previous studies. While the most useful level of biological organization in food webs will differ with the questions of interest, the results in this study suggest that disaggregating species level nodes may refine our understanding of how life stages and certain organisms (e.g. commercial species) effect ecological networks. 



4.2. Introduction
Food webs, in their simplest form, describe who eats whom in a community. The number of connections and their distribution form, respectively, the complexity and structure of these networks.  These two features of food webs have been a focal point for research because of their connection to major questions in ecology, including for example complexity – stability relationships (May 1972) and keystone species (Paine 1969).  In the past decade, the number of large food webs available for analysis has grown, as have the tools with which to analyse and simulate them (Jennings and Kaiser 1998, Williams and Martinez 2000, Dunne et al. 2002a, 2002b, Jennings and Mackinson 2003, Dunne et al. 2004, Jennings et al. 2007, Blanchard et al. 2009, Williams 2010, Dunne et al. 2013, Preston et al. 2014, Wood et al. 2015).  This has facilitated a growing number of comparisons among food webs leading to robust analyses of structural properties that differentiate communities and how such structural properties differ among different food webs based on the number of nodes, the number of links and thus the connectance, and sampling effort (Williams and Martinez 2000, Dunne et al. 2002a, 2002b, Dunne et al. 2004, Williams and Martinez 2004a, 2004b, Williams and Martinez 2008, Vermaat et al. 2009). 
The assessment of complexity and structure of a food web, and comparison with other food webs, is currently based on a well-defined set of network characteristics (e.g. Dunne at al 2013).  The fundamental properties (simply characterize overall attributes of food web network structure) of a food web are: (1) species richness (S), (2) the number of links (L), (3) linkage density (L/S), and (4) connectance (C= number of links/species richness2) (Dunne 2009). Some of the properties related to the type of taxa in the food are: proportions of (1) top (T), (2) intermediate (I), (3) basal (B) species, and omnivory (O) (Dunne 2009). Other network structural properties are based on how links are distributed among taxa such as vulnerability and generality associated with the links – e.g. how many species feed on a consumer and how many species does a consumer feed on (Dunne 2009, Dunne et al. 2013).  In addition, these properties also include (1) trophic level (TL), (2) generality standard deviation (GenSD), (3) vulnerability standard deviation (VulSD), (4) maximum similarity (MaxSim), and (5) clustering coefficient (Clus) (Dunne 2009). Degree distribution is among the other network structural properties that show how links are distributed among the nodes. Box. 1 provides explanation for the properties examined in this study. 
In an effort to construct a simple explanation of food web structure, Williams and Martinez (2000) proposed the niche model, which when provided the connectance of a community, predicts very well the remaining structural features.  In their model, links are assigned as a function of the connectivity (connectance) of the food web, and distributed according to a rule of thumb that basically assumes that consumers eat resources “lower” in their niche space (e.g. smaller size).  The value of this model was two-fold.  First it provided a sensible rule for what drives food web structure – feeding biology – and second, it provided a simulation platform on which to compare food webs (either models or real data), as the niche model predicts distributions of structural properties.
Complementing the niche model and recent variants are a set of standard network statistics (see Box. 1).  One of the most significant is the degree distribution, the distribution pattern of generality.  Dunne et al (2013) and previously Schoener (1989) noted that the resource distribution, the number of resource taxa per consumer (generality) and the consumer distribution, as well as the numbers of consumer taxa per resource (vulnerability) were all important. The distribution of resources among the feeding links reflects the balance of generalists and specialists in a food web, while the consumer distribution reflects the balance of vulnerable and invulnerable species in a food web (Schoener 1989, Dunne et al. 2013).
There are several examples where the niche model and degree distributions have been used to compare among food webs, leading to insights about general patterns in structural features we might expect in food webs.  In their original work developing the niche model (Williams and Martinez 2000), and several subsequent papers (Williams and Martinez 2004a, Williams and Martinez 2004b, Williams and Martinez 2008), Williams and colleagues have routinely shown that connectance and the simple foraging rules can predict remaining food web structure in a wide range of communities.  Another research that have focused on degree distributions and using the niche model, shown strong network regularities, with link density representing a universal scaling term that suggests there is an exponentially decaying, species-specific probability of preying on a fraction of species with lower niche values (e.g. smaller size) (Stouffer et al. 2005).  This is, they suggest, a common pattern among all food webs despite fundamental differences in ecosystem type (e.g., aquatic vs. terrestrial), ecosystem assembly, or past history (Stouffer et al. 2005). 
Another major approach to exploring the structure of communities is to investigate the consequences of loss (Borvall and Ebenman 2006, Eklof and Ebenman 2006, Petchey et al. 2008, Saterberg et al. 2013) or addition (Paine 1969) of species to the community. 

In terms of loss, research has focused not just on the obvious loss of species, but the secondary consequences (Borvall and Ebenman 2006, Eklof and Ebenman 2006).  The first are a set of structural changes that might arise from, for example, the loss of a highly vulnerable resource that a large percentage of species use, or the loss of a generalist predator that shapes coexistence (e.g. Keystone predation on competitive hierarchies )– (Connell et al. 2011).Box. 1 Glossary [based on (Dunne et al. 2013)]:
Food web: A network of feeding interactions among co-occurring taxa in a certain habitat. 
A) Fundamental properties: Food web properties that simply characterize the overall attributes of network structure (Dunne 2009).
· Species richness = Diversity (S): Number of nodes (species/taxa) in a food web.
· Trophic links (L): Number of feeding interactions (edges or links), between taxa in a food web. These links are separate. For instance, “A feeds on B” is a different and separate link from “B feeds on A”. 
· Linkage density (D): Mean number of links per node (D= L/S).
· Connectance (C): Proportion of possible links in the food web. Direct connectance (C=L/S2) is the most conventional algorithm, where L is the number of observed trophic links and S2 is the number of possible links among S nodes (Martinez 1991).
Complexity: Refers to simple relationships between the number of links (L) and the number of taxa (S) in a food web, especially linkage density (L/S) and connectance (L/S2).
B) Types of taxa: Such properties characterize what percentage or proportion of taxa in a food web that can be categorized into particular topologically defined roles (Dunne 2009).
· Top species (T): Proportion of species with only resources and no consumers.
· Intermediate species (I): Proportion of species with resources and consumers.
· Basal species (B): Proportion of species with only consumers and no resources.
· Omnivory (O): Proportion of omnivores (consumer feeding on resources at multiple trophic levels).

C) Network structure: The patterns of the way links are arranged among nodes in a network (i.e. patterns of trophic interactions among taxa) (Dunne 2009):
· Vulnerability: How many consumers a resource has. 
· Vulnerability standard deviation (VulSD): Standard deviation of the number of consumers per species.
· Generality: How many resources a consumer has.
· Generality standard deviation (GenSD): Standard deviation of the number of resources by species. 
· Trophic level (TL): A measure of how many steps energy obliged to take to move from an energy source to a focal taxon. Basal taxa are allocated with TL=1, obligate herbivores thus have TL=2, and higher level consumers have TL averaged across the multiple food chains connecting them to basal taxa. The algorithm used in this study is ‘‘short-weighted trophic level,’’ the average of a consumer’s shortest trophic level (1+shortest chain to a basal taxon) and its prey averaged trophic level (1+the mean TL of all of its resources) (Williams and Martinez 2004b).
· Mean maximum similarity (MaxSim): The mean of all species’ largest similarity index, which is calculated as he number of resources and consumers shared in common divided by the pair’s total number of resources and consumers (Williams and Martinez 2000).
· Clustering coefficient (Clus): Average fraction of pairs of species just a link away from a particular species also linked to each other (Dunne et al. 2002a).
Generalist: A consumer that feeds on multiple resources.
Specialist: A consumer that has very few possible resources. This refers to a species, which have specialized feeding on another species.
D) Other properties (Dunne 2009):
Degree distribution: The frequency of species with links, in other words, the number of links a species has between resources and/or consumers (Montoya and Sole 2003).

In the west coast of the United States, particularly off the coast of Washington, significant changes in species composition, population density, and overt appearance are produced due to the removal of the purple sea star Pisaster ochraceus, which is a dominant carnivore (Paine 1969). Indirect observations strongly suggest that removal of other predators do not generate equivalent changes (Paine 1969). In the Great Barrier Reef, the addition of the crown-of-thorns starfish, Acanthaster planci caused the rapid annihilation of parts of the reef by the (New Zealand Herald 1966, Barnes 1966, Williamson 1968). Tropical coral reefs are generally known to embody the capstone of complexity in marine communities (Wells 1957), and it seems unlikely that a high trophic status carnivore could have reached epidemic proportions (i.e. local densities being almost one per square foot) within the last five years at the time of the study as reported by Paine (1969). The crown-of-thorns starfish A. planci feeds principally on stony corals but it also feeds on some gastropods as a very minor prey (Paine 1969). These corals are also consumed by Charonia. spp. (tritons; large gastropods, which are popular mementos of the Great Barrier Reef). Both A. planci and Charonia sp. were rare on the reef prior to tourism, forming a minor portion in numerical and energetic terms of the vast species complex dominated by corals (Paine 1969). Despite the biological complexity the reef holds, following continuous exploitation, A. planci became patchily abundant while Charonia became locally extinct, and thus, the reef starts to be significantly altered (Barnes, 1966). Within both these fairly or very complex systems according to Paine (1969), the species composition and physical appearance were vastly modified by the activities of a single endemic species of a high trophic position in the food web (Paine 1969). Therefore, these individual populations are the keystone of the community’s structure, and the integrity of the community and its temporal unchanged persistence (i.e. stability), are determined by their abundances and activities (Paine 1969). 
The keystone species above have little in common (Paine 1969). P. ochraceus is abundant and is somewhat considered as a trophic generalist, while Charonia is rare and considered as a trophic specialist (Paine 1969). If Charonia was unimportant, and the epidemic status of A. planci was because of other reasons, then the comparison between the latter species and P. ochraceus shows several features in common (Paine 1969). Among these features, they are both starfish feeding on various prey (Paine 1969). Despite habitat difference, both starfish apparently prefer that category or species of prey that is capable of monopolizing the basic requirements in a space-limited system, which are corals on the reef and mussels on the open coast of Washington (Paine 1969). The significance of these carnivorous species could not have been expected before as other carnivores coexist with them (Paine 1969). However, observations on dog whelk gastropods (Thais spp.) and the starfish Leptasterias on the open coast of Washington and the gastropod Conus spp. on the coral reefs, suggest that differences in their abundance would result in no impact when compared to that produced by differences in the abundance of the aforementioned keystone species; P. ochraceus and A. planci (Paine 1969).
A third is based on secondary extinctions, where the loss of a species from a food web at any trophic level may result in a series of secondary extinctions (Borvall and Ebenman 2006, Eklof and Ebenman 2006).  Several researchers have investigated this. Ebenman and colleagues (Borvall and Ebenman 2006, Eklof and Ebenman 2006) have constructed several models asking, for example, whether the time scale over which secondary extinctions occur is dependent on species richness (Borvall and Ebenman 2006). Using simulations, they showed that the loss of a species from a food web at any trophic level results in a series of secondary extinctions but the time for secondary extinction to occur depends on species richness and the trophic level of the lost species (Borrvall and Ebenman 2006). The loss of top predators caused an earlier start of a series of early secondary extinctions than does the loss of species from other trophic levels but the time for this secondary extinction to occur increased with species-richness as the more species a food web holds the more food available (Borrvall and Ebenman 2006). This is because the loss of a top predator will lead to the increase in the abundance of herbivores and thus, more pressure on basal species (Borrvall and Ebenman 2006).
The effects of secondary extinctions on trophic diversity and the range of trophic roles played by the species in a community were examined in both natural and model food webs (Petchey et al. 2008).  The results showed that secondary extinction caused a significant loss of trophic diversity and that was due to the vulnerability of more trophically unique species to secondary extinction compared to other species (Petchey et al. 2008). Trophic uniqueness is related to how unique a species’ niche is, in particular, how distant a species is from all other species in multidimensional niche space (Petchey et al. 2008). Therefore, the trophic uniqueness of a species that has no prey or predators in common with any other species will be very high, and the more shared prey or predators, the less trophically unique are species (Petchey et al. 2008). 
Thierry et al. (2011) investigated whether or not adaptive foraging behavior – e.g. active diet selection – could buffer communities from secondary extinctions.  While much previous work examined static webs, Thierry et al. (2011) tested the idea that allowing the food web to re-wire after an initial extinction might re-generate a robust network of links and minimize loss of species (Thierry et al. 2011). Rewiring (similar to species recovery and succession) and energetic extinction criteria largely influenced the robustness of model food webs, and these factors interacted with each other along with the body mass distribution of the community, thus, shaping the complexity–robustness relationship (Thierry et al. 2011).
Thus far, I have reviewed briefly the use of network structure and secondary extinction theory to explore patterns among food webs.  Despite these tools and the advances they have helped make, food webs remain typically constructed using taxonomic species (and/or aggregation of trophically similar species) as nodes (Thompson and Townsend 2000, Ings et al. 2009).  This means that they may fail to represent the full set of feeding interactions in a community, typically because the diet of a species changes as that species grows (Werner and Gilliam 1984, McCann et al. 1998, Williams and Martinez 2000, Dunne et al. 2002b, Montoya et al. 2006, Petchey et al. 2008, Rudolf 2008, Gross et al. 2009, Miller and Rudolf 2011).  In fact, many organisms that are represented in food webs as dietary generalists at the species level are in fact ontogenetic specialists at the life stage level having different sets of prey and predator throughout their life cycles (Wilbur 1980, Werner and Gilliam 1984, Polis and Strong 1996, Miller and Rudolf 2011, Preston et al. 2014).  
Using dynamic aquatic food web stability models, the effect of adding life stages to the food web along with their omnivorous (feeding on multiple trophic levels) behavior on the stability of food webs was tested (Pimm and Rice 1987).  The results of these models regarding life stages was that life history omnivory reduced the stability of the food webs, but much less than omnivory in only adult (single stage) food webs (Pimm and Rice 1987). Such instability was because different life history stages are omnivorous and that resulted in underestimation of the chance of finding stable models as food chains are disturbed by such behavior (Pimm and Rice 1987). Also, the production of young depending on adult numbers (stock-recruitment relationships) affected the chance of finding stable models, in which negative relationships elevated the chance of stability, while positive relationships reduced stability (Pimm and Rice 1987). When life stages were grouped into fewer nodes (aggregation), only 1% of such models showed stability while when life stages were not grouped (disaggregated), 15% of the models showed stability (Pimm and Rice 1987). In addition, predation loops in taxonomic webs (A eats B, B eats A, or A eats B, B eats C, C eats A) decreased the chance of stability, loops involving life stages omnivory only slightly reduced stability (Pimm and Rice 1987). Furthermore, if the rate of maturation of young or the age at which adults begin to reproduce is influenced by food supply to the young, then the chance of finding stable models is decreased depending on the availability of food (Pimm and Rice 1987). Also, reproductive effort or maturation rate based on the different food supply was reported to destabilize by the addition of long loops as well, in which adults increase as the prey of the young increase and reproduce more young individuals later (Pimm and Rice 1987). 
Modelling of seven ecological networks to test how stage structure can alter the way complexity affects stability in food webs showed that uniformity of a resource utilization within species is highly unlikely to take place (Rudolf and Lafferty 2011), unlike previous studies, which assumed that all members of a species are identical or at least, variations below species level are irrelevant for the stability of food webs (May 1973, McCann et al. 1998, Dunne et al. 2002b, Ebenman et al. 2004, Brose et al. 2006b). Rudolf and Lafferty (2011) indicated that ontogenetic niche shifts reduce the stability of food webs and alter the relationship between complexity and stability in a way that cannot be predicted by classical non-life stage structured models. This reduction in stability occurs because species with ontogenetic niche shift face much higher risk of secondary extinction at any point of their life (Rudolf and Lafferty 2011), as species with different life stages appear to be generalist at the species level but, in fact, such species act as sequential specialists, which are extremely sensitive to the loss of resources at each life stage (Wilbur 1980, Werner and Gilliam 1984, Polis and Strong 1996, Miller and Rudolf 2011, Preston et al. 2014). Such findings are opposite to previously reported results regarding complexity and stability because the food webs in such studies were not stage structured (Borrvall et al. 2000, Dunne et al. 2002b, Ebenman et al. 2004, Eklof and Ebenman 2006). 
	Ecologists have typically represented consumer-resource interactions using arrows and boxes assuming that all individuals inside these boxes are functionally equivalent (Miller and Rudolf 2011). However, these boxes host the life stages, which are a widespread source of heterogeneity inside each of these boxes and that can modify the dynamics of consumer-resource communities (Miller and Rudolf 2011). In fact, stage structure is able to stabilize the dynamics of consumer-resource interactions, build possibilities for alternative community states, adjust conditions for competitors to coexist together, and change the direction and strength of trophic cascades (Miller and Rudolf 2011). 
	In this context, the use of resource can change over the ontogeny of the consumer and interactions between consumers and resources can also differ among the life stages of a resource (Miller and Rudolf (2011). Stage refugia and ontogenetic diet shifts are able to modify the number of individuals within a population that are involved in an interaction (Miller and Rudolf 2011). The presence of stage refugia in the population of the resource establishes a potential for alternative stable community in the presence and absence of consumers, even when the density of the resource is high (De Roos and Persson 2002, Persson et al. 2007). Such discrimination between stage-structured and non-stage-structured models emerges because of the way resource individuals are distributed between invulnerable and vulnerable stages (Miller and Rudolf 2011). 
	Thus, ontogenetic niche shifts are a common and important link between the dynamics of various consumers, resources, habitats, and ecosystems (Knight et al. 2005, Schreiber and Rudolf 2008). Stage structure can also promote coexistence, assuming that each species is competitively dominant at different life stages. and is limited by the least competitive stage; e.g. each species is limited by a different resource (Loreau and Ebenhoh 1994, McCann 1998, Moll and Brown 2008). In this context, niche space separation could be formed by stage structure between competitors (Miller and Rudolf 2011). The review of Miller and Rudolf (2011) concluded that the consideration of stage structure could lead to different and unexpected outcomes based on the non-stage structured approaches that could even elude researchers. 
In a recent paper, Preston et al. (2014) highlight the consequences of this problem by studying Quick Pond (in San Francisco Bay area, California, USA) food web including both life stage detail and parasites.  Parasites are extreme ontogenetic niche shifters (Preston et al. 2014) and are often ignored in food web studies (Amundsen et al. 2009) as most food web studies focus on predator-prey interactions focusing on vertebrates rather than microorganisms, which are either missing or highly aggregated (Dunne 2009). In their recent paper, Preston et al. (2014) constructed food webs including taxonomic species web and life stage web, which included disaggregated nodes for all species with complex life cycles for each life stage (Preston et al. 2014). The structure of all these food webs were evaluated with and without parasites (Preston et al. 2014). 
In the presence of parasites, connectance was higher in the taxonomic web compared to life stage web, while linkage density was higher in the life stage web compared to taxonomic web (Preston et al. 2014). Both linkage density and connectance are measures of food web complexity (see Box. 1). The presence of parasites increased the number of nodes and thus increased the number of links.  Furthermore, their inclusion added even more resolution to the disaggregated food web (Preston et al. 2014).
The inclusion of parasites in the food web was reported to alter the topology of that network by exploiting hosts at all trophic levels and that increased the food web characteristics (e.g. linkage density) plus doubling the number of links compared to the parasite-free food web version as reported by Amundsen et al. (2009). The number of parasite-host links for the trophically transmitted parasites showed a positive relationship with linkage density of the host species while, such relationship was not observed for non-trophically transmitted parasites (Amundsen et al. 2009). 
A similar activity was performed on the Barents Sea food web to test the effects of aggregation and removal of weak links on their stability and recovery from disturbance (Pinnegar et al. 2005). Aggregated models had fewer weak links but recovered from a disturbance faster than their disaggregated counterparts (they were more stable) (Pinnegar et al. 2005). On the other hand, food-webs from which weak links were particularly removed were the least stable of all the models tested by Pinnegar et al. (2005). Therefore, the removal of weak links by lumping or chopping seems to have very various results in the system (Pinnegar et al. 2005).
4.2.1. The Arabian Gulf food web

In the previous section, I reviewed several methods and tools being used to explore food webs.  They range from established network based structural analyses (e.g. the niche model) through to exploring secondary extinctions and the consequences of life stage versus taxonomic resolution.  Here, I take advantage of these tools and approaches to introduce a new food web to the research community, compare its structural properties to existing food webs, explore the structural consequences of losing key commercial fishery species in the food web, and explore the consequences to structure and species loss, of disaggregating the food web to life stage. This will show the importance of commercial species along with their life stages in the food web structure and the consequences if they became extinct/overfished. 
The food web contains 651 species; this is the taxonomic web based only on adults, while the life stage web contains 1003. Both contain several commercially important fish and crustaceans. The Arabian Gulf is situated in southwest Asia and shared by eight countries (Iran, Iraq, Kuwait, Saudi Arabia, Bahrain, Qatar, United Arab Emirates, and Oman; Fig. 1). Fisheries in Kuwait and the Arabian Gulf are important and dominated by traditional small scale fishing (Lee and Al-Baz 1989, Dadzie et al. 2005, Al-Baz et al. 2007).  The finfish fishery, despite this, is productive and responsible for about £18.022 million of revenue (Al-Husaini 2002), in which 45% of catch is for domestic use (Pauly and Mathews 1986). Fish and crustaceans in Kuwait are highly diverse and many of them are commercially important especially penaeid shrimps (Penaeus semisulcateus, Metapenaeus affinis and Parapenaeopsis stylifera) as well as finfish such as groupers (mainly orange-spotted groupers Epinephelus coioides), seabream (mainly Acanthopagrus latus and Sparidantex hasta), pomfrets (mainly silver pomfrets Pampus argenteus), shads (mainly Tenualosa ilisha), croakers (Otolithes ruber), and mullets (mainly Liza kluzingeri). Shrimp, pomfrets, groupers and seabream thus dominate the fishery.
The questions to be answered in this chapter are: (1) Is the structure of the taxonomic food web differs from that of the life stage web? (2) Does removing commercial species affect the food web structure in both taxonomic and life stage web? (3) What are the top most vulnerable species and are there some commercial species among them? (4) Is the Arabian Gulf food web structure different from other marine food webs?
4.3. Methods

4.3.1. The Arabian Gulf
The Arabian Gulf (Fig. 1) is located in a subtropical and arid region (Sheppard et al. 2010). It is shallow with a maximum depth of about 60 m and <30m over most of its range (Sheppard et al. 2010). The Arabian Gulf experiences both high salinity [>39 psu is found in most waters of the Arabian Gulf (Sheppard et al. 2010)] and high seawater temperature [could reach up to 32.40°C in Kuwait (Al-Yamani et al. 2004)]. In comparison to salinity regimes elsewhere, the Arabian Gulf is considered to exhibit high salinity, but falling well below that of the Dead Sea, which is 350 psu (Al-Yamani et al. 2004). It is also noteworthy to mention that the northwestern part of the Arabian Gulf is an important nursery and feeding ground for many fish and shrimp species.  This area is affected by the reduction of freshwater runoff from hydroelectric and agricultural projects on rivers in Iraq and Iran, as well as in Turkey and Syria along River Euphrates that flows from Turkey through Syria and Iraq, where it runs off into the northern part of the Arabian Gulf. 
Unfortunately, due to errors faced during the construction of the food web, modelling of the effect of salinity on the Arabian Gulf food web in terms of primary and secondary extinction was not carried out. 

4.3.2. Constructing the taxonomic and life-stage food webs

I constructed a taxonomic food web, specifying nodes as species, and a life-stage web, specifying life stages within species, classified by size classes and developmental stage, as nodes.  All data were obtained from literature or expert opinion from Kuwait Institute for Scientific Researches (KISR). The majority of the information came from data specifically from Kuwait, other parts of the Arabian (= Persian) Gulf and the Indian Ocean’s water masses, because the Arabian Gulf is considered part of the Indian Ocean, sharing numerous fish and shrimp species (Nair 1979, Jones 1986, Kuronuma and Abe 1986, Pauly and Palomares 1987, Salini et al. 1990, Al-Husaini 2002, Hajisamae 2009, Abdurahiman et al. 2010, Almatar and Chen 2010, Hashemi et al. 2012).
I built the food web with detailed meta-data for each species, including taxonomy, length in mm, life stage, and commercial/non-commercial designations (See Appendix 1). At many occasions, references report predator size and taxonomic identity but only prey taxonomic identity without size based on gut/stomach content analyses. Therefore, depending on other literature to obtain prey size was inevitable (See Appendix 3). Commercial species were chosen (along with their life stages as much as possible) with their feeding links and their prey and predators (including non-commercial species with their life stages) are then added to the food web with their feeding interaction. 
The analyses carried out in this project involved two different versions of the Arabian Gulf food web: (1) Arabian Gulf taxonomic food web and (2) Arabian Gulf life stages food web. Many of the species in this food web have different life stages including larva, juvenile, and adult fish. Each stage has a different size and sometimes stages have different size classes within. For instance, adult pomfrets (Pampus argenteus) have seven different sizes.  This type of information defined the life-stages web.  In contrast, the taxonomic food web contained only adults. The aggregation of specific poorly determined nodes is common in most previously studied food webs (Thompson and Townsend 2000, Preston et al. 2013). Aggregation of trophically similar species (species that has the same set of prey and predators) (Briand and Cohen 1984) was not performed in this study due to errors faced by the software due to the large number of nodes and links. Both food webs were also examined with the presence and exclusion of commercial species.  Commercial species were defined in the nodes as commercial species throughout their developmental stages and they are composed of finfish and shellfish, particularly groupers (Epinephelus coioides), seabream (Acathopagrus latus and Sparidantex hasta), pomfrets (Pampus argenteus) (see Fig.2 for example) and penaeid shrimp (Penaeus semisulcaetus, Parapenaeopsis stylifera, and Metapenaeus affinis).
Many species (commercial and non-commercial species), especially fish, were treated the same way as the species shown in Figure 2 to construct their feeding interactions including the aforementioned penaeid shrimp, many polychaetes, few crabs, some copepods, some mussels, some echinoderms, as well as some copepods and other zooplankton. That is the reason why most of the species in this food web are adults based on the available information.
Genus and species were used as a preferred taxonomic units but family is also used for some organisms, especially some fish larvae, and all consumers (mainly fish and shrimp), zooplankton (mainly copepods) and autotrophs (mainly phytoplankton and macroalgae), were reported to the lowest taxon possible as in the literature based on size. Ontogenetic shifts in fish throughout their life cycle from first feeding until adults, as well as other larval forms including crustaceans (mainly shrimp) and other invertebrates were noted with size. The size unit used in the studied food web is mm for all organisms. 
4.3.3. Structural analysis

Structural analyses were performed on all four food webs: the taxonomic and life-stage webs with commercial species and the taxonomic and life-stage webs without commercial species.  Comparisons between the taxonomic and life-stage webs allow for insight into the effects of disaggregating into life stage, while comparisons between the commercial and non-commercial versions help reveal the role and influence of commercial species subject to fishing pressure in the community.
	Food web properties were calculated using Cheddar package in R statistical software (Hudson et al. 2013) and Network3D (Williams 2010). I calculated 15 different features of the webs for taxonomic and life stage food webs: (1) number of nodes (S), (2) number of links (L), (3) linkage density (D), (4) connectance (C), (5) percentage of basal species (B%)(6) percentage of intermediate species (I%), (7) percentage of top species (T%) (8) generality, (9) GenSD, (9) Vulnerability, (10) VulSD, (11) mean short-weighted trophic level, (12) mean clustering coefficients, (13) mean maximum similarity, (14) fraction of omnivory, and (15) degree distribution (see Box. 1). 
Some of the chosen properties are fundamental (see Box. 1), which are important and basic properties that distinguish every food web based on the number of nodes and the number of feeding links. The type of taxa (see Box. 1) properties chosen in this study  
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Figure 1. The location of the Arabian Gulf (= Persian Gulf) and the eight countries surrounding it. Redrawn from Google Earth. 



describes the overall structure of the food web (i.e. triangularity of the food web), in which top species are fewer than both their intermediate and basal counterparts, and the basal species are fewer than intermediate species along with omnivory that shows feeding of a consumer on resources at different trophic levels. Other types of interactions were not considered because either they are rare or absent in the Arabian Gulf food web such as cannibalism (predator species feeding on its on prey species). 
Other network structure properties (see Box. 1) such as generality and vulnerability show the level of specialism and generalism in the food web and thus determines the connectance (Winemiller 1989, Warren 1990), as food webs with high connectance holds more generalist feeders, while lowly connected food webs holds more specialist feeders (Warren 1994). Maximum diet similarity and clustering coefficient are important to investigate in the Arabian Gulf food web as species from different phyla (along with their life stages) are present in large numbers. High trophic diet similarity is an important property of empirical food webs (Solow and Beet 1998) and could be related to phylogenetic similarities between organisms in a food web (Williams and Martinez 2000). Trophic level is an important property showing the measure of how many steps energy is obliged to take to move from an energy source to a focal taxon (see Box. 1 and this paragraph above) and therefore the mean trophic level of a food web provides an indication of the level of energy transfer in that food web (Williams and Martinez 2004b).  Finally, the degree distribution was also important to measure in this study to test if the large Arabian Gulf food web follows the same pattern in degree distribution as the majority of other reported food webs (Camacho et al. 2002, Dunne et al. 2002a).
Linkage density is a food web property that quantifies the average number of links per node (D=L/S) and connectance quantifies the proportion of observed links possible (C=L/S2). Both properties are measures of food web complexity and several researches have shown how they are related to important network properties such as stability (May 1973, Cohen and Briand 1984, Neutel et al. 2002, Dunne et al. 2002a). Stability was reported to be enhanced in a complex food web through the interaction strength between prey and predators in that food web that appear to be organized in a way that long loops contain many weak links (Neutel et al. 2002). I also calculated the degree distribution for both taxonomic and life stage web (both with and without commercial species) to show how links are distributed among the nodes in the Arabian Gulf food and whether or not it follows the pattern of most food webs (most of the nodes are averagely linked) (Camacho et al. 2002, Dunne et al. 2002a, Dunne et al. 2013) of both prey and predator nodes within each web in order to examine how the node degree (number of links per node) changes between life stage and taxonomic webs and with presence/removal of commercial species and stages. 
Average node degree is also equal to the number of links a node makes with resources (trophic generality) and the number of links predators make with a node (trophic vulnerability) (Schoener 1989). The variance in generality (GenSD) as well as in vulnerability (VulSD) were considered in order to understand how the difference between taxonomic and life-stage, and the presence/removal of commercial species affected the variation in these properties within the food web as this affects the number of nodes, number of links, and thus the level of generality and vulnerability.
4.3.4. Generality and vulnerability
Vulnerability for each food web node (see Structural Analyses above) was calculated in order to determine the most vulnerable (targeted) prey species in the Arabian Gulf food web. I identified the top 5% most vulnerable species in the taxonomic and life stage (with commercial species) webs in order to identify the primary food items in both webs with commercial species. High vulnerability is marked by high numbers of consumers feeding on a resource.  Similar analysis was not carried for the same webs without commercial species because the aim for this test is to identify if there are commercial species among the top 5% of the most vulnerable species. Cheddar package in R (Hudson 2013) was used to calculate the standard vulnerability for every node in the aforementioned food webs and then sorted and ranked in order from highest to lowest for all including the top 5% most vulnerable species (Fig. 6). Generality was assessed to examine the level of predation by consumers through GenSD and how it has increased (or decreased) in the food web in relation to other properties, mainly connectance and the same was applied for vulnerability through VulSD.
4.3.5. Trophic level and omnivory

The short-weighted trophic level was calculated for each node in each food web (see Box. 1) using Network3D software (Williams 2010). These values were used to obtain the mean trophic level per web and to investigate alterations in trophic levels because of the disaggregation that took place in the life stage food web. 
The trophic-level designations were used to calculate omnivory (Box. 1), which is defined as having a trophic position that is not within 0.05 of an integer value (Thompson et al. 2007). For calculations of trophic level and omnivory, the non-feeding life stages of heterotrophs (e.g. males of paracalnid copepods and naupliar stages of some decapods) were not grouped within their previous feeding life stage as such grouping was performed by other studies (e.g. Preston et al. 2014). Although this will make them look as basal taxa with trophic level zero despite being heterotrophs but I tried to mimic reality at this stage. Grouping was not performed in this study due to errors that occurred due to the large number of nodes and links, therefore the taxonomic web included only adults.  The non-feeding life stages in the food web were not removed for these analyses because they frequently have a completely different set of predators than other stages and this adds valuable information to the network.
4.3.6. Comparison with other marine food webs
Published characteristics of six previously reported marine food webs were collected from the literature (see Table III) in order to compare to those from the Arabian Gulf food web to see if having large number of nodes and links (especially in the Arabian Gulf life stage food web) will result in a different outcome from those previously reported marine food webs. These food webs were chosen because of their relatively detailed trophic interaction data reported so far (Dunne et al. 2004). 
4.4. Results
4.4.1. Food web versions 
The most species rich food web was the life-stage web with commercial species.  Disaggregating the organisms with distinct ontogenetic shift at each life-stage resulted in a 
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food web with 1003 nodes (Table I). The life-stage food web had 20.74%, 76.87%, and 2.39%, for basal, intermediate, and top species, respectively (Table I). In contrast, the taxonomic web had only 651 nodes with 26.88%, 70.046%, and 3.72%, for basal, intermediate, and top species, respectively (Table I). 
4.4.2. Commercial vs non-commercial in taxonomic and life stage webs

The numbers of commercial and non-commercial nodes in the taxonomic web were 46 and 605 (Fig. 3A), respectively, while the numbers in the life stage web were 229 and 774, respectively (Fig. 3B). The number of nodes for different life stages of different organisms in the life stage food web were 21 eggs, 87 juveniles, 235 larvae, and 645 adults (Fig. 3C). The majority of larvae belong to fish and crustaceans in addition to some other organisms such as molluscs and worms. The food web also has six basal nodes that are not classified into any of the aforementioned life stages, and they are crustacean fragments, crustacean remains, fish scales, fish remains, detritus, and macrophytal detritus (Fig.3C).  
Food webs are strongly size structured, and that is obvious in the food web in this study (Fig. 4). The feeding interactions between stages are illustrated in the life stage web (Fig. 4 life stage web by stage), where the diet breadth of some nodes is very diverse.  The taxonomic web clearly shows a reduction in the number of nodes for both commercial and non-commercial species (Fig.4 taxonomic web).
4.4.3. Food web properties
The disaggregation of the nodes resulted in an increase in the number of trophic links from 39,401 to 71,210 in the presence of commercial species in both taxonomic and life stage food webs, respectively (Table I). Linkage density was the lowest in the taxonomic food web without commercial species (L/S= 59.17) and it increased with both number of nodes and number of trophic links (Table I). On the other hand, the value of connectance decreased with increasing number of nodes due to the effect of the presence of life stages in the life stage food web (Table I). Percentage of basal and top species were decreased with increasing number of nodes, unlike the percentage of intermediate species that increased with increasing number of nodes (Table I). GenSD was not significantly different in numerical terms in both food webs with and without commercial species but it was lowest in the largest food web (life stage with commercial species, GenSD=1.018) and highest in the smallest food web (taxonomic web without commercial species, GenSD=1.036) as shown in Table I. So the value of GenSD was increasing with decreasing number of nodes (i.e. removal of commercial species) in both life stage and taxonomic webs (Table I).The observations regarding  VulSD were that its value decreased due to the removal of commercial species in both webs being lowest in the taxonomic food web without commercial species (1.22) and highest in the life stage web with commercial species (1.313), while it was 1.23 for taxonomic and 1.26 for life stage webs both without commercial species (Table I).
The removal of commercial species with their life stages in the life stage web had strongly influenced its structure (Table I). The removal of commercial species in both taxonomic and life stage food webs decreased the number of links from 39,401 links to 35,798 links, and from 71,210 to 50,712 links, respectively (Table I). The removal of commercial species in the taxonomic food web increased connectance slightly from 0.093 to 0.1, while the increase in connectance was from  0.071 to 0.085 in the life stage food web after the removal of commercial species (Table I). Unlike connectance, linkage density (L/S) decreased in both web versions due to the removal of commercial species (life stage web without commercial species= 59.17, taxonomic web without commercial species= 65.52) (Table I). The removal of commercial species from the taxonomic web increased the top predator percentage from 3.72% to 7.93, while the increase in the life stage web due to the same effect was from 2.39% to 7.88% (Table I). 
The removal of commercial species from both life stage and taxonomic webs increased the percentage of basal species (B%) in both webs. In the life stage web with commercial species, B%=20.7, while in the same web without commercial species species B%=23.4% (Table I). In the taxonomic web with commercial species, B%=26.9%, while in the same food web without commercial species B%=28.3 (Table I).
	Intermediate species are the most abundant in the food web compared to basal and top species as seen from the percentages (Table I). Therefore the removal of commercial species reduced the percentages of these species in both taxonomic and life stage webs; being lowest in taxonomic food web without commercial species (63.31%) and highest in life stage food web with commercial species (76.87%) (Table I). However, their percentage was still higher in all situations compared to their basal and top counterparts (Table I). It is also noteworthy that all commercial species along with their life stages (except non-feeding life stages such as eggs, decapod nauplii, and male paracalanid copepods that were treated as basal species) are intermediate species. However, their percentage was still higher in all situations compared to their basal and top counterparts (Table I). It is also noteworthy that all commercial species along with their life stages (except 
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	S
	605
	651
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	      1003

	L
	35798
	39401
	
	50712
	71210

	L/S
	59.17
	60.524
	
	65.52
	70.997

	C
	0.1
	0.093
	
	0.085
	0.071

	T%
	7.933
	3.72
	
	7.88
	2.39

	I%
	63.3
	70.5
	
	68.1
	76.9

	B%
	28.3
	26.9
	
	23.4
	20.7

	O
	0.684
	0.676
	
	0.72
	0.744

	GenSD
	1.036
	1.03
	
	1.032
	1.018

	VulSD
	1.22
	1.234
	
	1.26
	1.313

	MaxSim
	0.96
	0.83
	
	0.95
	0.92

	TL
	1.97
	2.13
	
	2.09
	2.15

	Clus
	0.1
	0.094
	 
	0.086
	0.075


Table I. Food web properties resulted from the two versions of the Arabian Gulf food web. Each with and without commercial species.The increase in I% with S as well as L and L/S, which is expected as previously reported despite the large S in the Arabian Gulf food web. T% and B% were lower in both life stage and taxonomic web without commercial species because as both are percentages and lower than I%, so the presence of commercial species increased S and the number of T and B did not significantly differ between both food webs with and without commercial species, the increase in S in the presence of commercial species caused the lower percentage of both T and B. Generality (represented as GenSD) decreased as S increased in both webs unlike vulnerability (represented by VulSD) as expected (Schoener 1989, Warren 1990) despite the large S in the Arabian Gulf food web. MaxSim was reported to increase with increasing C (Vermaat et al. 2009) and the presence of life stages with commercial species showed higher MaxSim compared to taxonomic web with commercial species, showing the importance of life stages and their feeding interactions in the food web by having high MaxSim. Omnivory (O) reported to increase with C (Vermaat et al. 2009), while in this study in highly connected (higher C) food webs had lower O compared to lowly connected (lower C) webs. The very close values of O in the taxonomic web with and without commercial species could be because only adults are presented in the taxonomic web so the presence of commercial species did not enhance the difference, while the presence of life stages clearly demonstrated the difference in O compared to taxonomic web. Clus was directly proportional to C in this study as previously reported (Vermaat et al. 2009, Preston et al. 2014). TL was reported to be directly proportional to C (Vermaat et al. 2009), but in this study and others (e.g. Preston et al. 2014) the opposite is true. So more S, leads to more L and thus higher TL. C, as reported, behaved negatively with S (Warren 1994).
-com= without commercial species, +com= with commercial species, Clus= mean clustering coefficients, TL= mean short-weighted trophic level, MaxSim= mean maximum similarity. O= fraction omnivory. T%= percentage of top species, I%= percentage of intermediate species, B%= percentage of basal species. S= number of nodes, L= number of trophic links, L/S= linkage density, GenSD= generality standard deviation, VulSD= vulnerability standard deviation.
[image: C:\Users\Mohammad\Desktop\FW Figs\NodeIdentities_TrophicWeb.png]Figure 3. The number of commercial and non-commercial nodes in (A) taxonomic web and (B) life stage web, while (C) is the number of nodes for each stage. The total number of nodes for all life stages = 997 nodes and the remaining six nodes are: crustacean fragments, crustacean remains, fish remains, fish scales, macrophytal detritus, and detritus. 



non-feeding life stages such as eggs, decapod nauplii, and male paracalanid copepods that were treated as basal species) are intermediate species.
4.4.4. Generality and Vulnerability 
The standard deviations for both generality (GenSD) and vulnerability (VulSD) were calculated for both food webs with and without commercial species (Table I). GenSD was lowest in the life stage web (1.018), while the taxonomic web had a GenSD of 1.03), while in the same food webs without commercial species values of GenSD were 1.032 and 10.36, respectively (Table I). On the contrary, VulSD increased with increasing number of nodes, though the increase is very slight, being lowest in taxonomic web without commercial species (1.220) and highest in life stage web with commercial species (1.313), while in the same webs without commercial species VulSD values were 1.23 and 1.26, respectively  (Table I). 
In both food webs with and without commercial species (Fig. 5), generality and vulnerability values were not significantly different in both taxonomic and life stage webs. Generality and vulnerability were higher in the life stage food web (Gen= 70.997, Vul= 71) and lower in the taxonomic food web (Gen= 60.524, Vul= 60.52) (Fig.5). 
The top 5% most vulnerable species in both taxonomic and life stage webs were dominated by calanoid copepods (Fig.6). There are 32 common species between both life stage and taxonomic food webs being among the top 5% in both (Table II) and no commercial species were observed among the top 5% most vulnerable species in both webs. Thus, further investigation for the top 5% most vulnerable species in the same food webs without commercial species was not carried out. Furthermore, generality and vulnerability were shown to be more or less the same. 
The degree distribution (Fig. 7) of the examined food webs, despite the large number of nodes and the large number of links, showed that most of the nodes are averagely linked and do not follow the power law scale free distribution as the majority of food webs (Camacho et al. 2002, Dunne et al. 2002a, Dunne 2009, Dunne et al. 2013).  
4.4.5. Trophic level and omnivory
The removal of commercial species caused reductions in mean trophic level in both the taxonomic and life-stage webs (Table I).In the life stage web, the level of reduction was from 2.15 to 2.09, while in the taxonomic web the mean trophic level decreased from 2.13 to 1.97 (Table I). These reductions indicate that the trophic position of commercial species themselves is important in increasing the trophic levels in the food web. As expected due to elevated rates of ontogeny with the different life stages, the increases in trophic level in the life stage web in the presence of commercial species was greater (Table I). As for Omnivory, the presence of commercial species decreased its level in the life stage food web (0.744-0.72), while the elevation in omnivory due to the removal of commercial species in taxonomic web was from 0.676 to 0.684, which is not a significant difference and that could be due the small difference in the number of nodes between both webs (651 and 605, respectively) as shown in Table I. The alterations in trophic level and omnivory reflect the allocation of trophic positions to species relative to corresponding life-stages.

4.4.6. Mean maximum similarity and clustering coefficient 
The mean maximum similarity decreased with increasing number of nodes in both webs, being lowest in the taxonomic web with commercial species (0.83), followed by life stage web with commercial species (0.92) (Table I). The mean maximum similarity in the life stage web without commercial species was 0.95, which is slightly higher compared to the same value in the presence of commercial species (0.92) (Table I). The highest value for mean maximum similarity was in the taxonomic web without commercial species (0.96), which is close to that of life stage web without commercial species (0.95) (Table I).
Clustering coefficient also decreased with increasing number of nodes in both webs with values that are near those of connectance, in which the lowest values was observed in the life stage web with commercial species (Clus =0.075, C=0.071), followed by life stage web without commercial species (Clus=0.086, C=0.085) (Table I). Mean clustering coefficient in the taxonomic web was highest after the removal of commercial species (Clus=0.1, C=0.1) and lowest in their presence (Clus=0.094, C=0.093) (Table I). 
4.4.7. Comparison with other marine food webs
The Arabian Gulf food web is the largest compared to other reported food webs (both aquatic and terrestrial) in terms of number of nodes (based on the taxonomic web) with 406 nodes more than the previously reported largest marine food web [the large Caribbean food web (Opitz 1996)] and number of trophic links were 24,227 more than the large Caribbean food web (Table III). However, the values of connectance, GenSD, VulSD, T%, B%, and I% were more or less in the range of previously studied marine food webs (Table III).   
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Figure 4. The observed links of both versions of the Arabian Gulf food web was ordered by size. The trophic stage web shows the life stages in the food web (Adult= black, larvae= red, juveniles= green). The taxonomic (right) and the trophic life stage (left) food webs with commercial nodes in black and non-commercial nodes in red. All nodes are coloured by consumer as the software allows colouration by either consumer or resource. These food web matrices represent consumers in columns and resources in rows arranged by size. From top left to top right, nodes are ordered by size from small to large, respectively, while from top right to bottom right nodes are arranged by size from large to small, respectively. Above the diagonal, smaller predators feed on smaller prey and larger predators feed on larger prey. Feeding below the diagonal from top right to bottom right shows larger predators feeding on smaller prey, while feeding from top left below the diagonal shows smaller predators feeding on larger prey.
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 Figure 5. (A) Generality (Gen) level in life stage and taxonomic webs (B) Vulnerability (Vul) level in life stage and taxonomic webs (C) Standard deviation of generality (GenSD) in life stage and taxonomic webs (D) Standard deviation of vulnerability (VulSD) in life stage and taxonomic webs with commercial species.


The linkage density in both Arabian Gulf webs (60.524 for taxonomic web and 70.997 for life stage web) are more than three times higher than the highest reported marine food web in the Northeastern United States Shelf (L/S=17.8) (Link 2002) due to the largest number of both links (L) and nodes (S) compared to the other reported marine food webs (Table III) as L and S are scale dependent (link-species scaling law) (Cohen and Newman 1985, Cohen et al. 1986), while connectance (C) is mostly inversely related to S (Warren 1990, 1994).  Generality and vulnerability, based on the link-species scaling law, the number of resources eaten by a consumer (generality) holds relatively steady despite increasing S, while the number of consumers per a resource (vulnerability) increase with increasing S (Schoener 1989).
The type of taxa properties (T%, B%, and I%) are scale invariant, which are not changing systematically with S (Briand and Cohen 1984) and their percentage in any food web depends on the nature of the studied food web as well as sampling effort, sampling consistency, and the level of aggregation (Williams and Martinez 2000, Dunne et al. 2002a, 2002b, Dunne et al. 2004, Williams and Martinez 2004a, 2004b, Dunne 2006, Williams and Martinez 2008, Vermaat et al. 2009). Obviously, in the Arabian Gulf food web disaggregation into life stages as well as different size classes occurred but based on detailed information from the literature as explained in the Methods. 
The percentage of top species in Arabian Gulf taxonomic and life stage (3.72% and 2.39%, respectively), is substantially less than the values reported in Chesapeake Bay (32%) and Ythan Estuary (37%) (Table III). The previously mentioned food webs had the highest percentage of top predators compared to other marine food webs including the Arabian Gulf, being even higher than percentage of basal species (Table III). As in other marine food webs, the percentage of intermediate species was higher than both of basal and top species in the Arabian Gulf food web (Tables I and III). Percentage of basal species was higher than that of top species except in Chesapeake Bay (16%) and Ythan Estuary (9%) and being equal in Northeastern United States Shelf (4%) (Table III).
The mean maximum similarity of the Arabian Gulf food, in both taxonomic (0.83) and life stage (0.92) webs was the highest compared to previously reported marine food webs, as the highest value reported was 0.7 (Link 2002) and the smallest was 0.5 (Baird and Ulanowicz 1989) (Table III).  Clustering coefficients of the Arabian Gulf taxonomic (0.094) and life stage (0.075) were lowest compared to the previously reported marine food webs as the lowest value reported was 0.16 in the large Caribbean food web (Opitz 1996) (Table III).
The mean short-weighted trophic level in the Arabian Gulf taxonomic (2.13) and life stage(2.15) webs were lower than the lowest reported (2.9) for the small Caribbean food web (Opitz 1996), and the highest were 3.1 in both large Caribbean food web (Opitz 1996) and Northeastern United States Shelf (Link 2002) (Table III). As for omnivory, the only values found so far in the literature for marine food webs were 0.52 for Chesapeake Bay and 0.54 for Ythan Esuary (Williams and Martinez 2000). These values are low compared to those of the Arabian Gulf, in which the lowest was 0.676 in the taxonomic web with commercial species, while the highest was 0.743 in the life stage web with commercial species (Table I). However, in the taxonomic web, omnivory was slightly lower in the presence of commercial species (0.676), yet close to the value of the same food web without without commercial species (0.684) (Table I).

[image: C:\Users\Mohammad\Downloads\Good5.png]Figure 6. Top 5% most vulnerable species in taxonomic (left) and life stage (right) food webs of the Arabian Gulf, being dominated by copepods, particularly calanoids in both webs. No commercial species were observed among the top 5% most vulnerable species in both life stage and taxonomic food webs. The X-axis shows the nodes (each given a code number for neater graphical presentation) and the Y-axis shows the standard vulnerability for each node. On the X-axis, nodes are ranked according to their standard vulnerability from lowest to highest.


Table II. The common top 5% most vulnerable species in both taxonomic and life stage food webs. A= Adult, F= Female, M = Male. The numbers refers to size 1 and size 2 in the nodes, and females are larger than males.
Calanoids	                                                   Harpacticoids	                                  Diatoms
Tortanus forcipatus AM1	                Macrostella gracilis AF1	                     Rhizosolenia sp.  A
Tortanus forcipatus AF2	                              Macrostella gracilis AF2	                    Hemidiscus sp. A
Labidocera minuta AM1	                             Clytemnestra scutellata AF
Labidocera minuta AF2	                             Microsetella sp. AM1
Labidocera sp.1 AM1	                             Microsetella sp. AF1
Labidocera sp.1 AF2	                             Euterpina acutifrons AF
Pravocalanus crassirostris AF2		
Pravocalanus crassirostris AM1		
Acartia (Acartiella) faoensis AM1		
Acartia (Acartiella) faoensis AF2		
Pseudodiaptomus arabicus AM1		
Pseudodiaptomus arabicus AF2		
Temora turbinata AM1		
Temora turbinata AF2		
Centropages tenuiremis AM1		
Centropages tenuiremis AF2		
Centropages Orsinii AF		
Centropages furcatus AF2		
Calanopia minor AM1		
Calanopia minor AF2		
Calanopia elliptica AM1		
Calanopia elliptica AF2		
Temora discaudata AM1		
Temora discaudata AF2		

[image: C:\Users\Mohammad\Downloads\Slide1.jpg]
[image: C:\Users\Mohammad\Downloads\Slide2.jpg]
Figure 7. The degree distribution of links among nodes in both life stage and taxonomic webs with commercial species (top) and the same food webs but without commercial species (bottom). All four food webs, despite the large number of nodes and the large number of links, most nodes are averagely linked, while few are lowly linked; and even fewer highly linked nodes are present in all four food webs. 

4.5. Discussion
In this chapter, the effect of disaggregation (from taxonomic to life stage web) was examined in the Arabian Gulf food web. Disaggregation increased the number of node from 651 to 1003 and decreased connectance from 0.093 to 0.071.  Many argue now that the life-stage web is a more realistic, accurate, and clear presentation of a food web (Pimm and Rice 1987, Cohen et al. 1993, Miller and Rudolf 2011, Rudolf and Lafferty 2011, Preston et al. 2014). I also explored the consequences of removing commercial species from both the life stage and taxonomic Arabian Gulf food webs. This resulted in more alteration to the properties, especially in the taxonomic web that ended up with S= 605 and C=0.1 (Table I), while the life stage web without commercial species ended up with S=774 nodes and C=0.085 (Table I).  A similar pattern was also found by Preston et al. (2014) when they compared the taxonomic web vs life stage web of Quick Pond in California in terms of the presence and absence of parasites. 
The Arabian Gulf food web is the largest reported marine food web (for both taxonomic and life stage) having the highest values of number of taxa, number of nodes (S), trophic links (L), linkage density (L/S), percentage of basal species B%, and mean maximum similarity (MaxSim) in both taxonomic and life stage webs (Table III). Connectance, vulnerability, and generality standard deviations (VulSD and GenSD) were within the range of previously reported marine food webs (Table III). Mean clustering coefficient and mean trophic level were the lowest compared to other marine food webs but within the range of previously reported values (Table III). The I% was lower than Benguela, NE US Shelf, and both Caribbean food webs but higher than Chesapeake Bay and Ythan Estuary. The T% was higher than those of Benguela, and both Caribbean food webs but lower than Chesapeake Bay and Ythan Estuary (Table III). 
Organisms and their life-cycles present unique challenges in food web studies due to the wide ontogenetic shift they experience throughout their life stages (Miller and Rudolf 2011, Rudolf and Lafferty 2011, Preston et al. 2014). The use of life stages as nodes in food webs may add valuable information but the outcomes of this approach are not yet obvious (Cohen 1993, Miller and Rudolf 2011, Rudolf and Lafferty 2011, Preston et al. 2014). Organisms and their life-cycles present unique challenges in food web studies due to the wide ontogenetic shift they experience throughout their life stages (Miller and Rudolf 2011, Rudolf and Lafferty 2011, Preston et al. 2014).
The use of life stages as nodes in food webs may add valuable information but the outcomes of this approach are not yet obvious (Cohen 1993, Miller and Rudolf 2011, Rudolf and Lafferty 2011, Preston et al. 2014). I made an examination of how the disaggregation of species level nodes affected the recognized role of commercial species in the Arabian Gulf food web with special focus on the analysis of generality and vulnerability. My main findings were that (i) the effect of commercial species on the web properties was evident between taxonomic and life stage food webs (ii) the disaggregation of species-level nodes into life stages provided more precise analyses on the top most vulnerable species in both taxonomic and life stage food webs in the presence of commercial species. The results of the Arabian Gulf food web highlight the importance to include life stages in future food webs as will be explained further. 


Table III. Comparison of basic food web properties between the Arabian Gulf and six other marine environments. Taxa = number of taxa from original food web. S (nodes) = number of nodes (Cohen et al. 1990, Cohen et al. 2003). L= actual links. C (Connectance) =L/S2. L/S= Links per species (linkage density). The seven food webs address (1) the pelagic portion of Chesapeake Bay emphasizing larger fish (Baird and Ulanowicz 1989); (2) mostly birds and fish among invertebrates and primary producers in the Ythan Estuary (Hall and Raffaelli 1991); (3) the pelagic portion of Benguela (Yodzis 1998); (4) Caribbean coral reefs (small and large) (Opitz 1996); (5) Northeastern United States Shelf (NE US Shelf) (Link 2002); (6) the taxonomic Arabian Gulf food web; (7) the life stage food web of the Arabian Gulf. The marine realm of the Arabian Gulf from bacteria to larger fish. This table was obtained from (Williams and Martinez 2000) except for Benguela, Caribbean Reef (small and large), NE US Shelf (Dunne et al. 2004), and the Arabian Gulf, both life stages and taxonomic. The taxonomic food web, representing average species size for all nodes (but based on only adults), is comparable with other published webs. Despite the reduction in the number of both trophic links and nodes in the taxonomic web, it is still high in comparison to other food webs. Percentage values for top predators (T), intermediate species (I), basal species (B), generality, and vulnerability standard deviations (GenSD and VulSD) for Benguela, Caribbean Reef (small and large), and NE US Shelf were reported by Dunne et al (2004). The values of T%, I%, B%, GenSD, VulSD for Chesapeake Bay and Ythan Estuary were reported by Williams and Martinez (2000). TL, MaxSim, and Clus for NE US Shelf, Benguela, and Caribbean Reef (small and large) were reported by Dunne et al. (2004), while MaxSim for Chesapeake Bay and Ythan Estuary were reported by Williams and Martinez (2000). All food webs are arranged in order from lowest to highest connectance (C). Caribbean Reef (small) and NE US Shelf had the same value of C, thus they were arranged alphabetically.  
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4.5.1. Commercial species and food web properties
Marine food webs are criticized as being strongly biased towards fish, especially commercial species and basal taxa being strongly aggregated (Cianelli et al. 2005). Therefore, disaggregation of basal taxa occurred (as well as plankton taxa in general) in this study for more resolution as well as including other phyla beside fish and the majority of species were non-commercial species (Fig. 3) from all phyla included in the Arabian Gulf food web. In addition, in fisheries management, the focus is usually on commercial species only without understanding the interactions of these species with others in the food web (Worm et al. 2005). So it is not just overfishing, climate change, and pollution, it is also the interaction with other species in the food web that can have an effect on the recruitment of commercial species (Worm et al. 2005). Therefore, until humans acknowledge that commercial species and other species of interest exist within a complex food web network that can result in unexpected effects through the interaction of direct and indirect effects, humans will continue to experience negative results from their management decisions (Yodzis 2000). Therefore, knowing who eats whom and the set of prey and predators every stage has will help fisheries management in conservational planning to protect the fisheries recruit. Nonetheless, commercial species (along with their life stages) proved to be important in the food web structure and their absence had altered the food web properties in the non-commercial species versions of both life stage and taxonomic webs (Table I).
The presence of commercial species in the taxonomic web increased most structural metrics except C, T%, B%, Clus, O, MaxSim, and GenSD (Tables I and III, Fig.3A-D). However, the value of these ratios was not significantly different between taxonomic and life stage webs in the presence and absence of commercial species (Tables I and III, Fig.5A-D). The presence of commercial species increased the number of trophic links in the life stage web (71,210 links) compared to taxonomic web with commercial species (39,401 links) (Tables I and III, Fig.3A-D). The results for both in terms of some of the food web properties are consistent with expected changes due the size of the food web network (Tables I and III, Fig.3A-D).
The presence of commercial species in both taxonomic and life stage food webs altered the properties (Tables I and III, Fig.3A-D). The disaggregation of nodes into life stages and sizes with ontogenetic diet shifts in the life stage food web resulted in increase in all tested properties except C, GenSD, MaxSim, Clus, T%, and B% (Tables I and III, Fig.3A-D). Such decrease in connectance is due to the increase in the number of nodes as C=L/S2 and it has increased with the decrease in the number of nodes as in the taxonomic food web (both without and with commercial species) and life stage food web without commercial species (Table I). The percentage of top predators was reduced in the presence of commercial species in both taxonomic and life stage webs and was elevated upon exclusion of these species and that is most probably because T%, despite of disaggregation, is still low compared to I% and B%. Thus, with disaggregation into life stages, T% became lower among the total number of nodes that has increased (1003 nodes) compared to the taxonomic food web (651 nodes) as shown in Table I. However, T% was reported to be negatively correlated to connectance in a study by Vermaat et al. (2009) based on 14 food webs including marine, terrestrial, and freshwater food webs and that could be the reason of such relationship that was not observed in this study. The taxonomic web without commercial species had C=0.1 and T%= 7.93% (lowest S) while the life stage web with commercial species had C=0.071 and T%=2.39% (highest S) (Table I).
As can be seen in Table I, connectance/complexity increases with decreasing numbers of nodes as has been reported in most food webs studied (Cohen and Newman 1988, Paine 1988, Warren, 1989, 1990, Winemiller 1989, Hall and Rafaelli 1991, Kenny and Loehole 1991) and this effect will be strong if the degree distribution is very uneven (Kenny and Loehole 1991). However, parasites are known to increase the connectance through the increase in the number of links, especially in the presence of the concomitant links (links from a predator to both a parasite and its host, i.e. having two links from predator to parasite and from predator to host) (Lafferty et al. 2006, Hernandez and Sukhdeo 2008, Amundsen et al. 2009, Dunne et al. 2013, Preston et al. 2014) but parasites were not considered in this study. Furthermore, L/S (linkage density), which is also a measure of food web complexity showing the average number of links per node in a food web (Box. 1), has increased with both L and S as also observed in other studies as the ones shown in Table III. It has also been reported that the presence of copepods in a food web could drive linkage density (L/S) to be much higher because of their various prey (phytoplankton, microzooplankton, micronekton) throughout their life history (Cohen 1994). 
In the Arabian Gulf food web, copepods were present and only few of them had information about their life stages, mainly Acartia faoensis (Khalaf 2007, Ali et al. 2009) as well as Centropages, Paracalanus (Conway 2006), and Bestiolina (VanderLugt and Lenz 2008). Though the last three genera had part of their life stages in the food web (including adults), but overall, linkage density was the highest in the life stage web with commercial species (L/S= 71) and decreased with decreasing S (Table I). This may be partly due to the presence of copepods and their life stages generating many more links. The top 5% most vulnerable species (more details under 4.5.3.) in both life stage and taxonomic Arabian Gulf food webs were calanoid copepods, harpacticoid copepods, and diatoms, respectively, in which 32 species among the top 5% most vulnerable species were the same in both food web versions (Fig. 6, Table III).  Such findings in this study may add the other half to Cohen (1994) findings about copepods increasing the linkage density due to their various diet by also being a primarily targeted prey by different species along with their life stages in the Arabian Gulf food web. 
Reduction in the percentage of basal species (B%) between the presence and absence of commercial species in both taxonomic and life stage webs is mostly because of disaggregation into life stages had increased the number of nodes and though basal species in the life stage web outnumber those in the taxonomic web, mainly due to the presence of the non-feeding non-adult stages (see Methods 4.3.5), but the overall percentage of all types of taxa together resulted in a lower value in the life stage web as indicated but higher than T% (Table I).  Also, B% is positively related to GenSD (explained in more detail later below under Generality and Vulnerability) as reported by Vermaat et al. (2009). The B% was highest in the taxonomic web without commercial species (28.3%) with a GenSD = 1.036, which is the highest among all food webs (Table I). 
The lowest B% was observed in the life stage web with commercial species (20.7%) and GenSD = 1.018, being the lowest in this food web (Table I). Such relationship though could be seen in the Arabian Gulf food web but Vermaat et al. (2009) have achieved this conclusion by testing how properties scale with each other based on 14 different food webs (marine, freshwater, and terrestrial). Thus, such relationship should be considered carefully. However, the differences in B% between taxonomic and life stage webs in the presence and absence of commercial species was not very big but lower in the life stage web with commercial species (B%=20.7) compared to the taxonomic web with commercial species (B%=26.9) (Table I). In addition to the food web in this study, Benguela (Yodzis 1998) and Caribbean (Opitz 1996) marine food webs had also reported higher B% compared to T%, while they were equal in Northeastern United States Shelf (Link 2002) (Table III). Only in Chesapeake Bay (Baird and Ulanowicz 1989) and Ythan Estuary (Hall and Raffaelli 1991) T% was higher than B% (Table III) and that is mainly related to aggregation and data sampling in those studies.
Intermediate species are the most abundant in the food web compared to basal and top species (Tables I and III) as they contain both primary and secondary consumers in addition to omnivores. For instance, herbivorous zooplankton feed on phytoplankton, while adult planktivorous fish feed on zooplankton and phytoplankton (see Fig. 2 for more detailed examples).  The connectance level was highest in the taxonomic web without commercial species (C =0.1), while I% =63.3% (Table I). The highest I% is found in the life stage food web with commercial species (76.869%) where C=0.071 (Table I). However, their percentage was still higher in all situations compared to their basal and top counterparts and that was also the situation in other reported marine and estuarine food webs (Tables I and III). As previously explained, such values in connectance are mostly related to S rather than type of taxa (basal, intermediate, and top) (Warren 1990, 1994).  
4.5.2. Ontogeny and trophic level
The evolutionary and ecological conditions selecting for trophic specialization are not well understood (Futuyma and Moreno 1988). The size of prey is the usual determinant whether or not it can be handled by predator(s) (Sih 1987). Foraging strategy can also influence prey range (Memmott et al. 2000). For instance, predators exhibiting an ambush-type foraging strategy typically exhibit wide prey ranges, capturing and consuming a wide spectrum of prey species (Strand and Obrycki 1996). This is applicable to orange-spotted grouper (Epinephelus coioides), which is an ambush feeder between rocks and feed on a wide variety of prey including fish and crustaceans (including crabs and shrimp) (Tharwat 2005, Tharwat and Al-Gaber 2006, Mohammadi et al. 2007) (Fig.2). Such findings for this fish and more were also reported in which the juvenile of this species (mean size= 85+34 mm) mainly fed on harpacticoid copepods and shrimp, respectively (Hajisamae and Ibrahim 2008) as well as calanoid copepods and fish, respectively (Hajisamae 2009). Such generalism and specialism with omnivory throughout the life stages of E. coioides increased the number of links in the food web as well as the number of nodes in addition to predation links in going into every life stage through different sets of predators targeting each stage (more details in Appendix 2 with the references in Appendix 3).
In this context, stages, sizes, and foraging strategy of a species can have an influence on the complexity and the structure of the food web (Sih 1987, Strand and Obrycki 1996, Memmott et al. 2000) as could also be seen in the Arabian Gulf food web. Furthermore, based on the study of three food webs including terrestrial arthropods, three analyses were carried out to look for the best resolution between size and taxonomic identity (Rall et al. 2011). The three food webs were: (i) taxonomic based ignoring sizes, (ii) size based ignoring taxonomy, and (iii) taxonomic and size based food web (Rall et al. 2011). The third food web had the best resolution by showing both size and taxonomic identities of species (Rall et al. 2011) and thus, such approach was also applied in constructing the Arabian Gulf food web (see Methods). 
Disaggregation of nodes into life stages was particularly useful for analyses involving omnivory and trophic positions in the Arabian Gulf food web. Organisms with distinct life stages feed at different trophic levels throughout development (Rudolf and Lafferty 2011, Miller and Rudolf 2011, Preston et al. 2014).
The traditional approach of grouping is the aggregation of nodes into trophic species but in the case of this study only adults used in the taxonomic web (see Methods 4.3.2), the life stage web with commercial species had slightly higher mean trophic level (TL= 2.15) than the taxonomic web with commercial species (TL= 2.13), while the same webs without commercial species had even lower mean trophic levels, which are 2.09 (life stage) and 1.97 (taxonomic) (Table I). As reported by Preston et al. (2014), in some cases, the trophic position of a taxonomic species was higher by two to three trophic positions above the larval trophic level, and in all cases, the trophic position of species-level exceeded that of both the larval and adult stages in the disaggregated food webs. Therefore, in this study, the taxonomic food web does not clearly represent the trophic positions of species compared to the life stage food web but in this study the main interest was the mean trophic level as an estimation of the steps in which energy flows to a focal taxon (Box. 1). 
These observations were also indicated by Preston et al. (2014) where TL increased with decreasing C and increasing S in both taxonomic and life stage webs, being lower in those food webs when parasites are excluded and this indicate how the level of disaggregation played a role shaping complexity and thus the relationship between the food web properties. Furthermore, the case of increasing the trophic position of complex life cycle species is likely to occur with all complex life cycle organisms and provides a motivation to consider using life stages to answer questions regarding trophic levels and omnivory (Miller and Rudolf 2011, Rudolf and Lafferty 2011, Preston et al. 2014). However, the findings in this study may be sensitive to the measure of the used trophic level (Williams and Martinez 2004b).
Omnivory behaved negatively with connectance as reported by Vermaat et al. (2009). However, in this study, omnivory behaved positively with S, as it increased with increasing S (Table I). The connectance in the Arabian Gulf food web in both taxonomic (with and without commercial species) and life stage (with and without commercial species) values were 0.1, 0.039, 0.085, and 0.071, respectively and the values of fraction of omnivory (O) were 0.684, 0.676, 0.720, and 0.744, respectively (Table I). However, the very close values of O in the taxonomic web with and without commercial species could be because only adults are presented in the taxonomic web so the presence of commercial species did not enhance the difference, while the presence of life stages clearly demonstrated the difference in O compared to taxonomic web (Table I). Similar pattern was observed in Quick Pond taxonomic (with and without parasites) and life stage (with and without parasites) food webs in which C= 0.26,0.27,0.21, and 0.15 respectively, while O= 0.71, 0.83, 0.75, and 0.92, respectively, showing that disaggregation had a positive effect on the level of omnivory (Preston et al. 2014).
Clustering coefficients (Clus) followed a similar pattern to connectance where the lowest value was obtained in the life stage web with commercial species (0.075) and highest in the taxonomic web without commercial species (0.1) (Table I). Vermaat et al. (2009) studied how several different food web properties vary via a principal component analysis (PCA) using 14 published food webs (marine, freshwater, and terrestrial). They found that the first and second axis explained 48% and 19% of the total variation and were highly correlated  with C (1st) and S (2nd) thus showing strong relationships between several other properties and these two core properties. In addition, Vermaat et al. (2009) showed strong negative relationships between connectance and mean trophic level and percentage of intermediate species on one side, and the percentage of both top and basal species, along with path length on the other side.  This suggests a split in the food web structure in which these networks are either clustered and highly interconnected or extended with few links. 
In this study, the values of mean clustering coefficient were close to the values of connectance in both life stage and taxonomic webs with and without commercial species (Table I). The values of connectance in the taxonomic web with and without commercial species and in the life stage web with and without commercial species were, 0.1, 0.093, 0.085, and 0.071, respectively, while the values of mean clustering coefficient were 0.1, 0.094, 0.086, and 0.075, respectively. This suggests a very strong positive relationship between both properties and both behave negatively towards the number of nodes (i.e. more clustering in food webs with high connectance). Therefore, the inclusion of commercial species had decreased clustering coefficients in the structure of both webs (Table I), but clustering coefficients increased in the same webs lacking commercial species (Table I).
For instance, feeding of larval fish on copepods and diatoms and feeding of copepods on diatoms represent a form of clustering, so the presence of life stages (i.e. more nodes), decreased Clus as The Quick Pond taxonomic (with and without parasites) and life stage (with and without parasites) food webs reported to have the following connectance values: 0.26, 0.27, 0.21, and 0.15, respectively, while the mean clustering coefficiencts in these food webs were 0.63, 0.63, 0.55, and 0.56, respectively as parasites increased Clus in the food webs with life stages and concomitant links and the absence of concomitant links decreased Clus in the same webs (Preston et al. 2014). However, in the Arabian Gulf food web, the presence of commercial species in both life stage and taxonomic webs decreased Clus while their removal increased the level of Clus (Table I).
Maximum diet similarity and clustering coefficient are important to investigate in the Arabian Gulf food web as species from different phyla (along with their life stages) that constitute a large number of nodes do overlap in diet. High trophic diet similarity is an important property of empirical food webs (Solow and Beet 1998) and could be related to phylogenetic similarities between organisms in a food web (Williams and Martinez 2000, Ives and Godfray 2006). Comparing the MaxSim between both life stage and taxonomic Arabian Gulf food webs with commercial species were 0.92 and 0.83, respectively (Table I). This most probably due to the presence of more nodes with different life stages that do share a large number of similar prey taxa especially among the plankton community and this could be observed from the results of the top 5% most vulnerable species (Fig. 6, Table II).
Mean maximum similarity behaved more or less the same way as the clustering coefficient in both webs in a way that it decreased in the presence of commercial species in both webs being lowest in the taxonomic web with commercial species (0.83) and highest in the same web without commercial species (0.96) (Table I). However, the values were not significantly different in the presence of commercial species (0.92) and their absence (0.95) in the life stage food web.
It has been reported that maximum similarity was negatively correlated to net primary productivity, which proposes that taxa in food web networks become trophically less similar because of diversity with elevating productivity (Vermaat et al. 2009). Such observation could be applicable to the Arabian Gulf food web in which, the B% has increased with increasing value of mean maximum similarity, in which in the life stage web with and without commercial species B% was 20.7% (MaxSim=0.92) and 23.4% (MaxSim=0.95), respectively, while in the taxonomic web with and without commercial species B% was 26.9% (MaxSim=0.83) and 28.3% (MaxSim=0.96), respectively (Table I). This could indicate that presence of commercial species has enhanced the diet similarity, especially in the disaggregated life stage food web as many species (along with their life stages) do feed on similar prey especially plankton and this also could be seen from the top 5% most vulnerable species (Fig. 6) and the amount of prey taxa shared in common between both life stage and taxonomic webs (Table II). 
4.5.3. Generality and vulnerability
It has been hypothesized that the number of resources a consumer (generality) is able to utilize is fixed but the number of consumers a prey can be subjected to (vulnerability) increases as the number of nodes in the food web increases (Schoener 1989). This could be observed in this study in which GenSD decreased as S increases, while VulSD increased as S increases (Table I).
The GenSD in the life stage web with (1.018) and without commercial (1.032) species were lower compared to those of taxonomic web with (1.036) and without (1.03) commercial species, in which the number of nodes (S) in each case was 1003, 774, 651, and 605, respectively (Table I). Therefore, food webs with high connectance were reported to be unstable, mainly due to the level of generality, especially if a generalist with high level of generality is present (Taylor 1988, Pimm 1991, Hall and Rafaelli 1993) and in the case of this study, the top generalist in both life stage and taxonomic webs with commercial species is the adult stage of the grouper E. coioides (177 links) (Appendix. 2) and it is more or less the same case in the taxonomic web with commercial species (161 links) but as S is smaller than that in the life stage web, generality is higher as explained earlier and that could lead to instability in the food taxonomic web compared to the life stage web (Taylor 1988, Pimm 1991, Hall and Rafaelli 1993) but that was not tested in this study.  As for VulSD in the life stage web with (1.313) and without commercial (1.26) species were lower compared to those of taxonomic web with (1.23) and without (1.22) commercial species, in which S in each case was 1003, 774, 651, and 605, respectively (Table).
Generality and vulnerability values were not significantly different in both taxonomic and life stage webs (Fig. 3). Generality and vulnerability were higher in the life stage food web (Gen= 70.997, Vul= 71) and lower in the taxonomic food web (Gen= 60.524, Vul= 60.52) (Fig.3). The values looked very similar in both webs for both properties and that could be due to the large number of feeding interactions in both life stage and taxonomic Arabian Gulf food web, thus GenSD and VulSD were used as they are s standardized values of these properties as they are also used to compare food webs rather than the original generality and vulnerability values (Table III caption for references).
Body size is also related to generality and vulnerability in which an increase in body mass reduces vulnerability and increases generality (Digel et al. 2011) and this could be also seen in the Arabian Gulf food in a way that larger species such as the adult stage of  Epinephelus coioides, which feeds on a wide range of prey (177 links), while preyed upon by only six species, and all of them are juvenile and adult sharks (Appendix 2).
Net primary productivity (NPP) was reported to be positively related (as a PCA axis) with both B% and GenSD; a relationship that reflects the diversity in diet items (Vermaat et al. 2009). Thus, it might be possible to apply the aforementioned relationship between basal species (instead of NPP as the majority are primary producers in this study) and GenSD to account for the relationship reported by Vermaat et al. (2009) but it is important to note that Vermaat et al. (2009) achieved these results based on 14 different food webs (marine, freshwater, and terrestrial).
In the case of the Arabian Gulf, B% seemed to be increasing with increasing GenSD (Table I), which is similar to the findings of Vermaat et al. (2009). The B% was highest in the taxonomic web without commercial species (28.3%) with a GenSD = 1.036, which is the highest among all food webs (Table I). The lowest B% was observed in the life stage web with commercial species (20.7%) and GenSD = 1.018, being the lowest in this food web (Table I). On the contrary, VulSD was reported to be negatively correlated to the connectance axis but positive to S (number of nodes) axis as studied with the aid of PCA by Vermaat et al. (2009). The situation in this study is similar to the results reported by Vermaat et al. (2009) regarding connectance and VulSD. This is logical since as complex as the food web gets, the more vulnerability takes place (Schoener 1989) as mentioned above. However, in this study, the highest connectance =0.1 was in the taxonomic food web without commercial species that had the least number of S, with the lowest value of VulSD =1.22 compared to the other versions of the Arabian Gulf food web (Table I).  The highest VulSD value (1.313) located in the life stage web with commercial species with lowest connectance (C= 0.071) (Table I).
It has also been reported that the most vulnerable prey were shrimp (mainly penaeids) followed by calanoid copepods based on the analysis of stomach content of mainly adult fish and maybe few juveniles (45 species) with different size classes collected from Pattani and Narthiwat provinces, southern Thailand (Hajisame 2009). The areas also coincide with the southern part of South China Sea (Hajisame 2009). Another study in Pattani Bay, Thailand (Hajisame and Ibrahim 2008) showed that calanoid copepods were the most vulnerable prey followed by shrimp (mainly penaieds) based on the stomach content of collected fish (108 species were collected but only 28 dominant and economically important species were considered) with different size classes. Furthermore, some vulnerability was observed in harpacticoid copepods as well as diatoms (mainly Pleurosigma) with the former being subjected to two main predators (Leiognathus equulus and L. splendens), and the latter being mainly grazed upon by the pointed-tailed goby Pseudapocryptes lanceolatus (Hajisamae and Ibrahim 2008).
In addition to larval stages, the family Leiognathidae is represented in the Arabian Gulf food web by L. bindus juvenile size =81.5 mm, and two adults sizes= 93.5 mm and 105.5 mm. Also represented by L. dusummeiri juveniles with two sizes= 66.5 mm and 72 mm, which are more or less similar to the sizes with the same feeding interactions as reported by Hajisamae and Ibrahim (2008), and the overall trophic guild for 32 samples species of fish of different sizes (mostly adults and some juveniles) based on their stomach content showed that the most vulnerable prey were calanoid copepods followed by shrimp and polychaete worms, equally (Hajisamae et al. 2003). These fish were sampled from four sites of the eastern Johor Strait, Singapore (Hajisame et al. 2003).
The previous studies by Hajisamae et al. that reported calanoid copepods being the most vulnerable species have considered adults and larger juvenile fish only to study their stomach content as mentioned earlier. Therefore, it is logical in the food web in the study herein to have most of the top 5% most vulnerable species to be calanoid copepods in both taxonomic and life stage webs (Fig.6) with 32 common species between both food webs (Table II) since as the Arabian Gulf food web includes larval fish and shellfish as well as juvenile and adult planktivorous organisms (see Fig.2 for some examples).
As the taxonomic food web deals only with adults, this could explain the reason for having only 35 species there and 50 species in the life stage food web as the latter deals with different sizes and life stages in exploiting the available resources (i.e. more resources available in the presence of life stages). Furthermore, the commercial silvery croakers (Otolithes ruber) size 115-125 mm and smaller were reported to feed extensively on copepods and they formed a significant part of the diet in small size groups, while other food items occurred in negligible quantities (Nair 1979). The sizes of the other calanoid copepod feeders in the Arabian Gulf food web were mostly similar to the sizes reported by Hajisame (see above) and Abdurahiman (2006, 2010) papers.
Larval and early juvenile sea breams diet (based on Acanthopagrus schlegeli) was dominated by cladocerans in two different habitats, while the diet of A. latus was dominated by copepods in both habitats as well (Fujita 2004) as illustrated in Figure 2. Juvenile groupers (Fig. 2) were reported to feed extensively on copepods and dinoflagellates (Grover and Shenker 1992) before turning into piscivorous, while pomfrets (from larvae to adults) were reported to mostly feed on copepods and diatoms based on diet shifts according to size (Fig.2). Copepod nauplii were assumed to be the diet of the smallest larvae in nature because it has been reported that most fish larvae prefer copepod nauplii at the first exogenous feeding (Kiorboe and Munk 1986, Viitasalo et al. 2001).
All the above information suggests that copepods and particularly calanoids are the most vulnerable prey and perhaps the most important species group in this food web. It is also noteworthy that calanoids generally larger in size than other pelagic copepods as well as the most diverse and abundant, especially in Kuwait (Al-Yamani and Prusova 2003, Al-Yamani et al. 2004), and these could be the reasons why they are targeted.  
4.5.4. Summary
By including individual life stages in a food web that integrates predator-prey interactions, my study highlights the way network properties and the observed roles of functional groups are sensitive to the rules that have been followed to build the food web network. My comparison of life-stage versus taxonomic webs highlights the impact that ontogenetic shifts have on understanding food web and marine communities. The removal of life stages except adults (i.e. the taxonomic food web in this study) showed an alteration in most of the food web properties examined (Table I) and the presence of life stages had added more information to the food web through the different interactions of species at different stages as well as increasing most food web properties (Table I). Also, despite being a minority in the food web, commercial species along with their life stages played an important role in the food web structure, in which their removal from both taxonomic and life stage webs had altered the properties of both version of the food web (Table I). Understanding the way delicacies in food web construction affect observed patterns in feeding interactions will be beneficial in investigating a wide range of questions regarding food webs including the responses of these networks to environmental changes (Tylianakis et al. 2008) and the movement towards more quantitative networks that include measures of energy fluxes and interaction strength (Cohen et al. 2003, Berlow et al. 2004). 
According to the vulnerability test, no commercial species were observed among the top 5% most vulnerable species in the Arabian Gulf food web but calanoid copepods represented the  top portion of the top 5% most vulnerable species in the Arabian Gulf, followed by harpacticoid copepods and diatoms, respectively (Fig. 6, Table II). Other studies in the Indian Ocean on the stomach content of only fish (mainly adults) of different sizes showed that the most targeted prey were calanoid copepods (Hajisamae et al. 2003, Abdurahiman et al. 2006, Hajisamae and Ibrahim 2008, Hajisamae 2009, Abdurahiman et al. 2010). As the Arabian Gulf is part of the Indian Ocean, and its food web includes species with their life stages from various phyla in this study, finding that the most vulnerable prey to predation in taxonomic and life-stage webs being copepods (particularly calanoids) was not surprising.
The management of the Arabian Gulf fishery may need to consider not only changing salinity and temperature on fish growth (see Chapter 3), but also how copepods and specifically calanoid copepods respond to these changes. It is also noteworthy that two calanoids (Bestiolina arabica and Acartia faoensis) were only reported from the northwestern part of the Arabian Gulf (Iraq and Kuwait) and not in southern waters of Kuwait and other parts of the Arabian Gulf, suggesting that they are indigenous to lower salinity areas where freshwater runs off into the Arabian Gulf (Khalaf 1991, 2007, Ali et al. 2007, 2009). Therefore, monitoring the distribution and abundance of these copepods (as well as other calanoids) in relation to salinity is important for fisheries management.
The Arabian Gulf food web is the largest reported food web so far, mainly in terms of S, L, and thus L/S (Table III). Furthermore, MaxSim and B% were also the highest compared to other marine food webs (Table III). The high value of B% here compared to other studies could be due to the sampling method used in these studies, plus their main focus on fish as well as the aggregation of basal species (Ciannelli et al. 2005), which was avoided in this study by disaggregation of all types of taxa as well as including various species from various phyla and the majority were non-commercial species.  Though Maxsim was highest compared to other marine food webs, but the value was within the range of the other reported values (Table III) and such high value in the Arabian Gulf food web is mostly due to the presence of life stages in which diet overlaps. The values of TL and Clus were the lowest compared to other marine food webs but again not extreme and within the range observed in other studies (Table III). This could be due to the large number of nodes and disaggregation in this study (Williams and Martinez 2000, Dunne et al. 2002a, Dunne et al. 2004, Dunne 2009, Dunne et al. 2013). 
Other properties were intermediately within the range of reported values including connectance (Table III). Therefore, despite the Arabian Gulf food web being large in terms of S and L, the values of the properties were generally within the range reported in other marine food webs. The disaggregation of nodes into life stages made allocating trophic levels and calculating omnivory more accurate, especially for food webs with commercial species. However, caution must take place in comparing food webs with and without life stages as the disaggregation of species-level nodes leads to numerous inherent alterations in food web structure (mainly in connectance in relation to the number of nodes), as observed here and elsewhere (Pimm and Rice 1987, Rudolf and Lafferty 2011, Preston et al. 2014). 
4.5.5. Future recommendations
In the Arabian Gulf food web, the interactions represented for a large number of species that occur in a large water mass with different habitats based on several feeding studies as explained in the Methods. Therefore, it could be that some species rarely feed on each other as they rarely interact and the presence of such links will affect the structure of the food web including generality and vulnerability. Warren (1994) addressed this issue in large food webs that include 50 to 100 nodes, while in webs with small number of species, it is unlikely those species do not interact with each other. Therefore, in the study herein with 1003 nodes, such issue should be considered and future temporal and spatial sampling in the Arabian Gulf will be carried out to look up the rare links as well as the spatial and temporal variations in feeding as well as distribution and abundance of prey and predators. 
From such data collection, size spectra for the Arabian Gulf food web could be constructed and that will show the mass-abundance relationship (Jennings and Mackinson 2003, Blanchard et al. 2009, Rogers et al. 2014) of species in that rich water mass, which have not been studied before.
During the aforementioned sampling and data collection, measurements of physicochemical parameters will be carried out in order to see their affect (mainly salinity) on feeding, distribution, and abundance of species (e.g. Somarakis et al. 2002, Horváth et al. 2014, also see Chapter 2) and such data will help in the future for modelling the effect of salinity on the Arabian Gulf food web. In addition, measurements of prey and predator size would also occur to look at the predator-prey mass ratio (Woodward et al. 2005, Brose et al. 2006a) and how organisms shift diet according to their life stage and size (Wilbur 1980, Werner and Gilliam 1984, Polis and Strong 1996, Munk 1997, Woodward and Hildrew 2002, Miller and Rudolf 2011, Preston et al. 2014), which could significantly affect the structure and dynamics of ecological networks (Persson 1999, Persson et al. 2003, Lafferty et al. 2006, Rudolf 2007, Schreiber and Rudolf 2008).
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Chapter 5. General Discussion
In this thesis I had the chance to test the effect of salinity and diet on foraging and growth rate of larval and juvenile threespine sticklebacks (Gasterosteus aculeatus). These factors significantly affected these traits in these fish, as described in Chapters 2 and 3. I also had the chance to test the role of life stages in the Arabian Gulf food web against traditional taxonomic food web for the same region.  I showed that neglecting these stages severely distorts the real picture taking place in the community as the life cycle of a single species undergoes different ontogenetic shifts as they develop, consuming variety of diets as they grow. Also, I examined the role of commercial species in the Arabian Gulf food web showing that their removal caused a serious alteration to food web properties, especially in the taxonomic web that already neglect life stages of all species including commercials. In addition, I found out that the top most vulnerable species in the Arabian Gulf food web are copepods, particularly calanoids; supporting such large fisheries food web.
In Chapter 2, I found an effect of salinity on the diet choice by larval and juvenile G. aculeatus. Larval and juvenile threespine sticklebacks are selective at low salinity, but fed randomly at high salinity (Fig. 5, Chapter 2). In more detail, sticklebacks in this study were selective in Shavalera (p=0.00032) and in Eric’s (p=0.034) Ponds, but selectivity was not observed in Oval Pond (p=0.61) (Fig. 6, Chapter 2). In addition, prey size selection was strongly related to salinity (Fig. 5, Chapter 2) and the difference between gut and pond mean prey size declined with salinity (slope = -0.04, F=10.99, df=1, P=0.005).  However, while prey size in the gut increased from Shavalera to Eric to Oval Ponds, mean prey size available declined for Eric and Oval, compared to Shavalera Pond.  Therefore, selectivity is a function of both diet choice and availability. Selectivity was unaffected by productivity, prey species richness, and prey diversity (all F<1.11, p>0.19). Despite the effect of salinity observed in this study, competition is a strong factor expected to affect the diet choice of the sticklebacks in this study, particularly in Shavalera Pond as it was the most sampled crowded pond. The effect of population density on the diet choice was not considered in this study and it would be useful to consider it in future studies.
In this study, threespine sticklebacks mostly fed on rotifers (mainly Trichocera), and  phytoplankton (particularly Peridinum), mainly in Shavalera Pond. They have also fed upon copepod nauplii, and adult copepods mainly harpacticoid copepods (Canthocamptus), cyclopoids (mainly Diacyclops and Eucyclops) and juvenile cyclopoids, especially in Eric’s and Oval Ponds. Calanoids (Diaptomus and Eurytemora velox) dominated the diet in two guts in Eric’s and Oval Ponds. Cladocera (particularly Chydorus and Alonella) was also one of the main diet items of sticklebacks in this study, particularly in Eric’s Pond. Insect larvae were also part of the diet in this study and mostly in Eric’s and Oval Ponds. Detritus was also observed to dominate some guts and other diet items such as large insects and gastropods were occasionally observed but not dominant in the guts.
Previous studies on the same species showed that phytoplankton are rare as a diet choice by these fish at different sizes (Hynes 1950, Walkey 1967, Wootton 1976, Milinski 1986, Delbeek and Williams 1987, Bergersen 1996). However, in this study they occurred as a major prey utilized by 22 fish out of the 73 examined fish of different sizes in Shavalera and Oval Ponds at different sampling events (see Tables II and IV in Chapter 2).  Harpacticoid copepods were reported to be a rare prey for sticklebacks in Great Central Lake in Canada (Manzer 1976) but they dominated the prey items of 12 of the 73 examined fish of different sizes in this study, particularly in Oval Pond. However, targeting dinoflagellates, particularly Peridinium, by threespine sticklebacks the same way in this study has not been reported before and this could be related to differences in the studied habitats. However, as explained in details in the Methods of Chapter 2, phytoplankton were not sampled in this study and such speculations cannot be verified from this work but will be good to assess in future studies.
Fish in general exhibit different feeding styles: (i) biting, (ii) ram feeding, or (iii) suction feeding (Bone and Moore 2008). Almost all species use one of these mechanisms, and, because they are not mutually exclusive, most species exhibit two of these mechanisms (Bone and Moore 2008). Finally, varied structural adaptations of the fish larvae digestive tract and the alterations of these adaptations with development are characteristic of varying functional adaptations to concentrations of diets and prey (Govoni et al. 1986). Therefore, such differences could be related to the type of available diet as well as the foraging to sticklebacks themselves by, for instance, swimming into a bloom performing ram feeding, is much easier than searching, chasing, and handling a larger prey such as copepods and insect stages (optimal prey choice). Such a pattern was observed in shore crabs (Carcinus maenas), in which they have chosen smaller mussels over larger mussels because they are easy to break, and thus more mussels could be consumed with less effort compared on the effort to eat one large mussel (Elner and Hughes 1978).
Predator encounter was experimentally tested in hungry threespine sticklebacks when the authors placed the fish in tanks with different densities of Daphnia sp. and exposed them to a model kingfisher (Alecedo atthis) bird flying over the tanks (Milinski and Heller 1978). This resulted in a preference of sticklebacks to attack lower prey densities rather than high prey densities in order to avoid the predator (Milinski and Heller 1978). The situation was opposite regarding the targeted prey density in the absence of the model kingfisher (Milinski 1979).
Such situation might have been encountered by sticklebacks in this study by choosing lower prey densities just to avoid predators at some points, especially in Oval Pond, event 8. In the field where sticklebacks were collected for this study, birds, particularly the close by nesting black-headed sea gulls (Chroicocephalus ridibundus = Protonym Larus ridibundus) were the most important predators to sticklebacks as no larger piscivorous fish were found in the ponds of Gibraltar Point and that was also confirmed by Lincolnshire Wildlife Trust; almost entirely the only fish found in these ponds were sticklebacks, mainly threespine followed by ninespine sticklebacks. Therefore, such behaviour in diet choice, in which being primarily vigilant despite the high chance of starvation, is expected from sticklebacks in the ponds of Gibraltar Point at different times as there are predators in the vicinity and these birds were reported to feed on threespine sticklebacks (Schwemmer and Garthe 2008).
The effect of salinity and type of diet on the diet choice has also been observed in other fish. The distribution of young-of-the-year flounder (Platichthys flesus) in the Lima estuary, north of Portugal was affected by salinity and diet (Mendes et al. 2014). The newly settled juvenile flounders were restricted to the upper part of the estuary, and fed almost exclusively on Chironomidae and Corophium spp., which are the most abundant prey at that part of the estuary with lowest salinity of 10.3+10.9 psu (Mendes et al. 2014). The diet became more various as the juveniles grew, including other prey groups in addition to larger size prey (Mendes et al. 2014). This shows that salinity had affected the distribution of juvenile flounders by holding their preferred prey at the lowest salinity part of the estuary compared to the higher salinity part of the estuary (Mendes et al. 2014).
Despite the fact that sticklebacks inhabit a wide variety of habitats, ranging from large lakes to small streams and to coastal waters, the same prey constitutes the bulk of their diet in all these habitats (Wootton 1984). The small size of sticklebacks limits the range of potential prey types and this limitation is obviously shown in the diet similarity over a wide range of habitats (Wootton 1984) and diet similarity between different stages of threespine sticklebacks does exist (Hynes 1950, Mullem 1967, Manzer 1976, Wootton 1976, 1984). In general, in terms of prey size, the prey size consumed by sticklebacks in this study is more or less similar to that previously reported as discussed in Chapter 2 but species composition is different and that most probably related to the different nature of the habitats. Larval sticklebacks at first exogenous feeding mainly feed on the juvenile stages of copepods and cladocerans (Abdel’-Malek 1968). The diet of fish length of less than 30 mm was reported to be composed of rotifers, cladocerans (Bosmina sp. and Holopedium sp.) and Epischura sp. (copepod), while larger-than-30 mm-fish tended to prey on Holopedium, Epischura, zooplankton eggs, chironomid pupae (Mullem 1967, Wootton 1984) and fish larvae (Manzer 1976).
In this study, rotifers also occurred as dominant prey in guts of fish less than 30 mm too (majority in Shavalera Pond followed by few in Oval Pond as in Tables II and IV in Chapter 2), except one large fish in Oval Pond (55 mm) that also had rotifers dominating its diet (see Table IV in Chapter 2). Also in this study, calanoid copepods (mainly Diaptomus and Eurytemora) were preyed upon by some of the threespine sticklebacks examined. These calanoids are of similar size to that of Epischura calanoid copepod and Daphnia (Gurney 1931, 1932, 1933, Scourfield and Harding 1966). These copepods were mainly consumed (as a dominant prey) by three fish; two in Eric’s Pond (see Table III in Chapter 2) and one in Oval Pond (see Table IV in Chapter 2). The effect of fish size on the diet choice was not significant and that could be due to the more or less similar range of selected prey sizes most of the time as the focus of this study was on larvae and juvenile fish in addition to the selectivity of fish themselves at some points despite their sizes and such selectivity could be related to availability and/or the foraging of fish themselves since as fish grow and develop, gape size is complemented by developing jaw apparatus that allows rasping and cutting to facilitate ingestion (Nip et al. 2003).
The deficiency in sampling described in Chapter 2 might have affected the comparison between the most abundant prey in the ponds and in the guts in terms of size and species. Thus, considering the appropriate mesh size to sample rotifers as well as phytoplankton is necessary in future studies along with extending the salinity gradient by sampling the nearby coastal area. In addition, laboratory experiments using fish from the same ponds with the same mean salinities observed in the field plus higher salinities to be prepared in the laboratory in order to test the effect of salinity on the diet choice of larval and juvenile threespine sticklebacks to compare the results with those from the field. Also, analyzing the fatty acid content of the major prey consumed by the fish could provide more information about the basis of diet choice beside prey size and environmental factors. Finally, population density and competition must also be considered in both in-situ and in-vivo studies in the future in relation to salinity and diet choice.
In Chapter 3, I explored larval and juvenile growth rates in threespine sticklebacks G. aculeatus collected from along a distinctive salinity gradient. I collected fish, which were then dissected for their sagittal otoliths in order to back-calculate their growth rates.  The relationship between growth rate and salinity was positive and increased in strength through time. The relationships between growth rate and prey size was negative and the strength of this increased through time.  The relationship between growth rate and species richness was negative, the strength of which increased through time, until late autumn, when it was positive. The effect of temperature, zooplankton abundance, and pond productivity on growth rate were not significant.
The growth rate of threespine sticklebacks fry was experimentally tested, in which two sets of fry were hatched at two different salinities, 0 psu and 20 psu and then each batch exposed to an increasing gradient of salinity to monitor their growth rate (Belanger et al. 1987).  Those hatched at 20 psu responded to increased salinity with higher growth, while those hatched at 0 psu responded to increased salinity with lower growth rate (Belanger et al. 1987). Fry hatched at 20 psu and reared in 0, 7, 14, 21, and 28 psu salinities showed an increase in their growth rate with increasing salinity being 0.12, 0.32, 0.346, 0.392, and 0.46 mm.day-1, respectively (Belanger et al. 1987). As for fry hatched in 0 psu, their growth rate was high at 0 (0.285 mm.day-1) and at 7 psu (0.364 mm.day-1), but decreased at higher levels being, 0.344, 0.34, and 0.22 mm.day-1, at 14, 21, and 28 psu, respectively and higher mortalities were observed at 0 and 28 psu (Belanger et al. 1987). 
Similar results to those reported by Belanger et al. (1987) were observed in my research with growth being lowest at freshwater (i.e. Shavalera Pond) and increased with increasing salinity. In addition, the difference in salinity range between both studies being 0.345-0.395, mean= 0.365±0.01 psu in Shavalera Pond, 1.89-2.985, mean= 2.42±0.16  psu in Eric’s Pond, and 8-12.2 psu, mean= 10.52±0.6 psu in Oval Pond, did not affect the major outcome that salinity had positively affected the growth rate of larval and juvenile sticklebacks. 
The salinity in the spawning grounds of Acanthopagrus schlegeli is 34-35 psu (Liu 1978) while data suggest that their optimal salinity is even lower (29-31psu). Huang et al. (2000) have shown that hatching time in A. schlegeli is directly proportional to salinity as well as the age at hatching and oil globule volume while body length was indirectly proportional to salinity. Furthermore, the growth rate of juvenile Lagodon rhomboids, was highest between 15 and 30 psu while the lowest occurred at 60 and 0 psu respectively (Shervette et al. 2007). Survival also increases proportionally with salinity to 60 psu, where it falls rapidly (Shervette et al. 2007). It has also been reported that there is a positive relationship between salinity and the recruitment of juvenile L. rhomboids in the salt marshes of northern Florida (Subrahmanyam and Drake 1975). These data show that Acanthopagrus spp. and other sparids larvae can tolerate wide range of salinities.
The deficiency in sampling described in Chapter 2 might have affected the estimation of prey size in pond as well as prey species richness. Thus, considering the appropriate mesh size to sample rotifers as well as phytoplankton is necessary in future studies. Also, feeding experiments should be carried out by rearing of sticklebacks from Gibraltar Point ponds under similar salinity gradient found in each pond in this study with different prey quality; best prey is that with highest fatty acid content (De Pauw and Pruder 1986, Stqttrup et al. 1986, Klein Breteler et al. 1999, Callan et al. 2012, Cortes and Tsuzuki 2012). Lipids may be more important than proteins or carbohydrates (De Pauw and Pruder 1986, Stqttrup et al. 1986, Klein Breteler et al. 1999, Callan et al. 2012, Cortes and Tsuzuki 2012). Therefore, high lipid food was reported to enhance growth rate (Cortes and Tsuzuki 2012). Such in-vivo studies will allow to test the effect of salinity and food quality on the growth rate of larval and juvenile sticklebacks to compare with field findings. 
In Chapter 4, the effect of specifying life stages in a food web (disaggregation of the taxonomic food web) was examined in the Arabian Gulf food web. Disaggregation increased node number (S) from 651 to 1003 and decreased connectance (C) from 0.093 to 0.071.  Many argue now that the life-stage web is a more realistic, accurate, and clear presentation of a food web (Pimm and Rice 1987, Cohen et al. 1993, Miller and Rudolf 2011, Rudolf and Lafferty 2011, Preston et al. 2014). I also explored the consequences of removing commercial species from both the life stage and taxonomic Arabian Gulf webs. This resulted in more alteration to the properties, especially in the taxonomic web that ended up with S= 605 nodes and C=0.1, while the life stage web without commercials ended up with S=774 nodes and C=0.085.  A similar pattern was also found by Preston et al. (2014) when they compared the taxonomic web vs life stage web of Quick Pond in California in terms of the presence and absence of parasites. 
The top 5% most vulnerable species in both taxonomic and life stage webs were dominated by calanoid copepods (see Fig.6 in Chapter 4). There are 32 common species between both life stage and taxonomic food webs being among the top 5% in both (Table II) and no commercial species were observed among the top 5% most vulnerable species in both webs.
Linkage density (L/S), which is also a measure of food web complexity showing the average number of links per node in a food web (see Box. 1 in Chapter 4), increased with both L and S as also observed in other studies as the ones shown in Table III. It has also been reported that the presence of copepods in a food web could drive linkage density (L/S) to be much higher because of their various prey (phytoplankton, microzooplankton, micronekton) throughout their life history (Cohen 1994). In the Arabian Gulf food web, copepods were present and only few of them had information about their life stages, mainly Acartia faoensis (Khalaf 2007, Ali et al. 2009) as well as Centropages, Paracalanus (Conway 2006), and Bestiolina (VanderLugt and Lenz 2008). Though the last three genera had part of their life stages in the food web (including adults). 
Overall, linkage density was the highest in the life stage web with commercial species (L/S= 71) and decreased with decreasing S (see Table I in Chapter 4). This may be partly due to the presence of copepods and their life stages generating many more links. The top 5% most vulnerable species (more details under 4.5.3. in Chapter 4) in both life stage and taxonomic Arabian Gulf food webs were calanoid copepods, harpacticoid copepods, and diatoms, respectively, in which 32 species among the top 5% most vulnerable species were the same in both food web versions (see Fig. 6 and Table III in Chapter 4).  Such findings in this study may add the other half to Cohen (1994) findings about copepods increasing the linkage density due to their various diet by also being a primarily targeted prey by different species along with their life stages in the Arabian Gulf food web. 
The Arabian Gulf food web is the largest reported marine food web (for both taxonomic and life stage in terms of the number of nodes) having the highest values of number of taxa, number of nodes (S), trophic links (L), linkage density (L/S), B%, VulSD, and mean maximum similarity in both taxonomic and life stage webs. Connectance and GenSD were within the range of previously reported marine food webs. Mean clustering coefficient and mean trophic level were the lowest compared to other marine food webs but the latter being within the range. The I% was lower than Benguela, NE US Shelf, and both Caribbean food webs but higher than Chesapeake Bay and Ythan Estuary. The T% was higher than those of Benguela, NE US Shelf, and both Caribbean food webs but lower than Chesapeake Bay and Ythan Estuary. For references and other details, please refer to table III in Chapter 4.
Organisms and their life-cycles present unique challenges in food web studies due to the wide ontogenetic shift they experience throughout their life stages. The use of life stages as nodes in food webs may add valuable information but the outcomes of this approach are not yet obvious (Preston et al. 2014). I made an examination of how the disaggregation of species level nodes affected the recognized role of commercial species in the Arabian Gulf food web with special focus on the analysis of generality and vulnerability. My main findings were that (i) the effect of commercial species on web properties were strongly sensitive to the level of node aggregation and (ii) the disaggregation of species-level nodes into life stages provided more precise analyses on the most vulnerable species in box taxonomic and life stage food webs in the presence of commercial species. The results of the Arabian Gulf food web highlight the importance to include life stages in future food webs. 
The role of life stage in a food web was also examined in Quick Pond in California compared to traditional taxonomic food web for the same pond in the presence and absence of parasites (Preston et al. 2014). Similar to the findings in this study, the number of nodes was highest and connectance was lowest in the life stage web with parasites (S=113, C=0.15) compared to the taxonomic web with parasites (S=63, C=0.27) (Preston et al. 2014). The exclusion of parasites from the life stage food web resulted in S=71 and C=0.21, while the same effect in the taxonomic web resulted in S=48 and C=0.26 (Preston et al. 2014). Such findings highlight the importance of considering life stages rather than taxonomic identities food webs and the role of some organisms such are parasites have a significant influence on the interactions and complexity of the food web as also observed in this study.
According to the outcomes reported in this thesis, the prey size as well as salinity are major factors affecting foraging and growth rate in larval and juvenile stages of stickleback fish in my study site, which are vital stages in food webs as they undergo various ontogenetic shifts throughout their life cycle, These effects on specific and young life stages probably represent the reality for many systems, and suggest that a taxonomic approach to food webs and communities is likely insufficient on its own. In addition, the role of certain species in the food web are important in shaping the interactions within this feeding ecological network (as the commercial species in this study) and their absence will definitely affect the food web structure. As previously mention in the introduction and in Chapter 4 that fisheries in the Arabian Gulf, particularly in Kuwait is very important and thus planning sufficient fisheries management is always required especially under the circumstances of increasing salinity as previously mentioned in the introduction and Chapter 3.
In the Arabian Gulf food web, the interactions represented for a large number of species that occur in a large water mass with different habitats based on several feeding studies as explained in Chapter 4. Therefore, it could be that some species rarely feed on each other as they rarely interact and the presence of such links will affect the structure of the food web including generality and vulnerability. Warren (1994) addressed this issue in large food webs that include 50 to 100 nodes, while in webs with small number of species, it is unlikely those species do not interact with each other. Therefore, in the study herein with 1003 nodes, such issue should be considered and future temporal and spatial sampling in the Arabian Gulf will be carried out to look up the rare links as well as the spatial and temporal variations in feeding as well as distribution and abundance of prey and predators. 
From such data collection, size spectra for the Arabian Gulf food web could be constructed and that will show the mass-abundance relationship (Jennings and Mackinson 2003, Blanchard et al. 2009, Rogers et al. 2014) of species in that rich water mass, which have not been studied before.
During the aforementioned sampling and data collection, measurements of physicochemical parameters will be carried out in order to see their effect (mainly salinity) on feeding, distribution, and abundance of species (e.g. Somarakis et al. 2002, Horváth et al. 2014, also see Chapter 2) and such data will help in the future for modelling the effect of salinity on the Arabian Gulf food web. In addition, measurements of prey and predator size would also occur to look at the predator-prey mass ratio (Woodward et al. 2005, Brose et al. 2006a) and how organisms shift diet according to their life stage and size (Wilbur 1980, Werner and Gilliam 1984, Polis and Strong 1996, Munk 1997, Woodward and Hildrew 2002, Miller and Rudolf 2011, Preston et al. 2014), which could significantly affect the structure and dynamics of ecological networks (Persson 1999, Persson et al. 2003, Lafferty et al. 2006, Rudolf 2007, Schreiber and Rudolf 2008).
Based on the proposed data collection mentioned above, in-vivo experiments using fish from the same sampling sites with the same mean salinities observed in the field plus lower and higher salinities to be prepared in the laboratory in order to test the effect of salinity on the growth rate and diet choice of larval and juvenile fish (focusing on the three main commercial species for a start; groupers, seabream, and pomfrets) to compare the results with those from the field. Also, analyzing the fatty acid content of the major prey consumed by the fish could provide more information about the basis of diet choice beside prey size and environmental factors, as the best prey is that with highest fatty acid content (De Pauw and Pruder 1986, Stqttrup et al. 1986, Klein Breteler et al. 1999, Callan et al. 2012, Cortes and Tsuzuki 2012). Finally, population density and competition must also be considered in both in-situ and in-vivo studies in the future in relation to salinity, diet choice, and growth. 
The work in this thesis will definitely be applicable in Kuwait in principal to see the effect of salinity on diet choice and growth rate of larval and juvenile fish, particularly those of commercial importance and that will help setting future plans for fisheries management on the basis of such findings and this will be clear with the aid of the Arabian Gulf food web built in this thesis that shows the ontogenetic shift of larval and juvenile fish and crustaceans and that is the reason why I wanted to do such studies and was sponsored by Kuwait Institute for Scientific Research (KISR) to do this PhD project as fisheries are vital in Kuwait and in the Arabian Gulf region in general as a major source of protein food and carrying out the above mentioned future studies based on the experience I gained from my PhD studies, will clearly show how the real food web is structured in temporal and spatial terms and how such dramatically increasing salinity affects the diet choice and the growth rate of different fish species, particularly those of commercial importance.
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Sample Event Total length (mm) mean total length (mm) Total prey items Mean prey size in gut (mm) Primary prey in gut Secondary prey in gut Mean prey size in pond (mm) Primary abundant prey in pond (abundance Ind. m

-3

) Secondary abundant prey in pond  (abundance Ind. m

-3

)

16 1100

Dinophyceae: Pridinium  (98.18%) Cladocera: Alonella exica ( ?) (0.36%)

16 1449

Dinophyceae: Pridinium  (85.09%) Rotifera: Lecane  (9.32%)

12 437

Dinophyceae: Pridinium  (95.42%) Rotifera: Lecane (2.97%)

3 16 15.34 ± 0.07 1095 0.046 ± 0.001

Dinophyceae: Pridinium  (99.36%) Rotifera: Trichocera  and Ascomorphella  (0.36%)

0.53 ± 0.07 Ostracoda

Copepoda: Harpacticoida: Canthocamptus

17 1206

Dinophyceae: Pridinium  (99.50%) Rotifera: Trichocera  (0.41%)

(3045) (2707)

14 1027

Dinophyceae: Pridinium  (99.12%) Rotifera: Trichocera  (0.29%)

17 1479

Dinophyceae: Pridinium  (81.81%) Rotifera: Lecane (7.43%)

14 781

Dinophyceae: Pridinium  (94.23%) Rotifera: Trichocera  (4.22)

23 432

Dinophyceae: Pridinium  (93.05%)

Other phytoplankton (5.55%)

5 19 18.00 ± 1.56 3030 0.045 ± 0.009

Chlorophycae: Pandorina  (99.00%) Cladocera: Chydorous  (0.52%)

0.53 ± 0.06 Ostracoda Juvenile cyclopoids

17 1063

Dinophyceae: Pridinium  (99.15%)

Arthropod fragments (0.28%) (3936) (1211)

21 366

Dinophyceae: Pridinium  (93.98%)

Copepod nauplii (3.27%) 

18 0 0 0

20 39 Copepod nauplii (53.84%)

Chlorophycae: Volvox  (17.84%)

6 20 18.00 ± 0.96 154 0.116 ± 0.041

Rotifera: Trichocera  (64.94%)

Diatoms (16.23%) 0.88 ± 0.18 Ostracods  Red-yellow polyps(?)*

16 223

Rotifera: Trichocera  (82.51%) Cladocera: Chydorus ovalis  (10.31%)

(1247) (436)

20 7 Diatom colonies (85.71%) Detritus (14.28%)

21 231

Cladocera: Chydorous  (17.74%) Cladocera: Alonella  (12.121%)

21 47

Rotifera: Lecane  (38.29%) Rotifera: Keratella  and Trichocera  (23.40%)

7 22 20.2 ±  0.73  80 0.193 ± 0.027

Rotifera: Ascomorphella  (25.00%) Rotifera: Tricocera  (15.00%)

0.77 ± 0.15 Ostracoda Insect larvae

19 133

Rotifera: Trichocera  (39.84%) Dinophyceae: Pridinium  (37.59%)

(44079) (4897.7)

18 84

Rotifera: Trichocera  (63.09%) Rotifera: Lecane  (15.47%)

17 3 Detritus (33.33%)

Cladocera fragments and Rotifera: Trichocera ( 33.33%)

23 11 Detritus (27.27%) Diatoms (27.27%)

8 19 20.00 ± 1.00 18 0.329 ± 0.133

Rotifera: Trichocera  (38.88%)

Insect larvae fragments (16.66%) 0.70 ± 0.12 Ostracoda  Red-yellow polyps(?)*

20 162

Dinophyceae: Pridinium  (92.59%)

Ostracoda (4.9%) (1115) (106)

21 31 Diatoms (61.29%) Insect larvae fragments (19.35%) 
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Sample Event Total length (mm) mean total length (mm) Total prey items Mean prey size in gut (mm) Primary prey in gut Secondary prey in gut Mean prey size in pond (mm)

Primary abundant prey in pond (abundance Ind. m

-3

) Secondary abundant prey in pond  (abundance Ind. m

-3

)

11 36 Copepod nauplii (44.44%) Insect larvae (5.55%)

17 112

Cladocera: Chydorus ovalis  (22.32%)

Insect larvae (13.39%)

3 13 13.0 ± 1.9 68 0.26 ± 0.025

Cladocera: Chydorus  (41.17%) Cladocera: Alonella  (13.23%)

0.53 ± 0.045 Juvenile cladocera Juveniles cyclopoids

7 62 Copepod nauplii (87.09%)

Cladocera: Chydorus  (12.90%)

(36615) (35743)

17 104

Cladocera: Chydorus  (40.38%)

Copepod nauplii (32.69%)

17 71 Copepod nauplii (80.28%) Insect larvae (5.63%)

19 41

Copepoda: Cyclopoida: Eucyclops  (17.07%)

Copepod egg sacs (9.75%)

5 22 19.6 ± 0.81 41 0.54 ± 0.13 Insect larva including fragments (21.95%) Cyclopoids (various, including juveniles and fragments) (14.63%) 0.62 ± 0.047 Juvenile cyclopoids  Copepod nauplii

20 68

Copepods (various,  including juveniles, fragments, and eggs) (32.35%) Cladocera (Chydorus , C. ovalis , Alonella , and fragments) (19.11%) 

(2149) (1343)

20 53

Cladocera: Chydorus  (13.20%) Copepoda: Calanoida: Eurytemora velox ( 9.43%)

19 149 Copepod nauplii (34.28%)

Cladocera: Chydorus  (16.10%)

20 127

Cladocera: Chydorus  (58.26%)

Insect larva fragment (13.38%)

6 21 20.5 ± 0.645 135 0.27 ± 0.031

Cladocera: Chydorus  (28.14%) Copepods (mainly Diaptomus , including juveniles calanoids) and copepod eggs (17.03%)

0.39 ± 0.017  Juvenile cyclopoids

Copepod nauplii and Cladocera: Sida *

22 159 Insect larvae fragments (22.64%)

Copepoda: Cyclopoida: Eucyclops  (1.88%)

(50152) (21942)

22 26 Detritus (23.07%)

Rotifera: Branchionus  and Philodina  (19.23%)

23 52

Cladocera: Chydorus ovalis  (23.07%)

Insect larvae (11.54%) 0.44 ± 0.026

 Cladocera: Sida*

Juvenile cyclopoids

7 26 23.5 ± 0.87 71 0.32 ± 0.025 Copepod nauplii (35.21%)

Cladocera: Chydorus ovalis   (11.26%)

(62651) (32128)

23 179

Cladocera: Chydorus  (24.02%) Cladocera: Chydorus ovalis  (7.82%)

32 64 Insect larvae fragment (42.18%) Insect larvae (10.93%)

38 239 Arthropod fragments (40.16%) Insect larvae fragments (10.87%)

8 38 36.0 ± 1.4 12 0.32 ± 0.017  worms (33.33%) Insect larvae fragment (25.00%) 0.55 ± 0.04 Juvenile cyclopoids  Copepod nauplii

36 1 Detritus (100%) Detritus (100%) (10990) (9051)
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Sample Event Total length (mm) mean total length (mm) Total prey items Mean prey size in gut (mm) Primary prey in gut Secondary prey in gut Mean prey size in pond (mm) Primary abundant prey in pond (abundance Ind. m

-3

) Secondary abundant prey in pond  (abundance Ind. m

-3)

7.2 20 Copepod nauplii (55.00%) Copepoda:Harpacticoid:Canthocamptus  (20.00%)

12.5 43 Cladocera: Chydorus ovalis  (67.44%) Copepoda:Harpacticoid:Canthocamptus  (9.30%)

3 18 15.1 ± 1.66 9441 0.3 ± 0.06 Dinophycae: Peridinium  (99.81%) Diatom: Eudorina  (0.08%) 0.51 ± 0.03

17 790 Dinophycae: Peridinium  (76.96%) Rotifera: Lecane  (18.35%) Copepoda:Harpacticoida: Canthocamptus  Copepod nauplii

21 223 Copepoda:Harpacticoid:Canthocamptus  (75.78%) Copepod nauplii (11.65%) 68322 6612

15 1652 Dinophycae: Peridinium  (99.87%) Cladocera: Chydorus  (0.12%)

15 80 Cladocera: Chydorus  (51.25%) Copepod nauplii (13.75%)

13 40 Copepod nauplii (47.50%) Copepoda:Harpacticoid:Canthocamptus  (40.00%)

5 22 17.0 ± 2.65 35 0.45 ± 0.09 Copepoda:Harpacticoid:Canthocamptus  (74.28%) Insect larvae and Copepod nauplii (8.57%) 0.52 ± 0.04 Copepoda:Harpacticoida: Canthocamptus  Juvinile cyclopoids

16 68 Copepoda:Calanoida:Diaptomus  (44.11%) Insect larvae fragments (10.29%) 102851 3291

22 0 0 0

20 24 Copepoda:Harpacticoid:Canthocamptus  (37.50%) Insect larvae (16.66%) 0.44 ± 0.023

6 22 21.0 ± 0.63 177 0.21 ± 0.09  Copepod nauplii (57.62%) Copepoda:Harpacticoid:Canthocamptus  (23.72%)  Copepod nauplii  Copepoda:Harpacticoida:Canthocamptus

19 301  Copepod nauplii (72.09%) Copepoda:Harpacticoid:Canthocamptus  (14.28%) (19199) (19199)

22 284  Copepod nauplii (66.90%) Copepoda:Harpacticoid:Canthocamptus  (23.59%)

25 20 Insect larvae (25.00%)  Copepod nauplii (20%)

25 30 Insect larvae (10.00%) Copepoda:Harpacticoid:Canthocamptus  (10.00%)

7 28 26.7 ± 0.61 280 0.83 ± 0.37 Statoblasts(?) (74.64%) Diatoms (17.85%) 0.42 ± 0.02  Copepod nauplii Juvenile cyclopoids

28 27 Insect larvae (74.07%) Copepoda:Harpacticoid:Canthocamptus  (3.70%) (10828) (10422)

28 10 Insect larvae fragments (70.00%) Insect larvae (30.00%)

26 10 Insect larvae (80.00%) Copepoda:Harpacticoid:Canthocamptus  (20.00%)

55 16 Detritus (50.00%) Rotifera: Ascomorphella  (31.25%)

8 31 35.7 ± 10.09 43 0.5 ± 0.13 Phytoplankton (20.93%) Cladocera: Chydorus  (9.30%) 0.69 ±0.03 Juvenile cyclopoids  Copepoda:Cyclopoida:Diacyclops

21 14 Rotifera: Ascomorphella  (35.71%) Rotifera: Philodina  (21.42%) (45451) (22725)
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Figure 2. (a) The information about larvae and early
juveniles arebasedon A. schlegeliNip et al. (2003), while
information about adults (feeding and age at sexual
maturity) are based on A. latus, A. bifasciatus and S.hasta
(Kuronuma & Abe 1986, Pauly & Palomares 1987, Tharwat
& Al-Gaber 2006). Fujita (2004) had reported that the diet
of larval A. schlegeli was dominated by cladocerans in two
different habitats, while the diet of A. latus was dominated
bycopepodsinbothhabitats as well. Size of early juvenile
was estimated from Nipetal. (2003) and Fujita (2004) for
A. schlegeli. (b) The information about larvae and early
juveniles of E. coioides are based on Toledo et al. 1999.
Feeding of juveniles was reported by Grover and Shenker
(1992) for E. striatus juveniles but the sizes in that study
were 19.3-27.8 mm. As forlarval E. coioides feeding, it was
reportedbyDoi etal. (1997).Sizesfor E. septemfasciatus
larvae and smallest juveniles as well as the duration until
metamorphoses to these stages were reported by Kitajima
etal.(1991).Sizes and feeding of E. coioides adults (Pauly
& Palomares 1987, Tharwat & Al-Gaber 2006,
Mohammadi et al. 2007). Finally, the maximum juvenile
sizeon the diagram was the maximumthat| couldfindin
the literature and it was for E. marginatus Cunha et al.
(2009). It was alsoreported that size range of older lanae
and juveniles of E. marginatus was 33-123 mm Cunha et
al. (2009). (c) The information about yolk sac stage
(duration) were reported by Cross et al. (1999) based on
information about Peprilus triacanthus  (family
Stromateidae) while eggs and yolk sac larvae (size) was
reported by Almatar et al. 2000. Duration and sizes from
yolk sacstage until first feeding were re ported by Aimatar
etal.(2000) and Al-Abdul-Elahetal. (2001). Larval length
categoriesandthe duration of 38 days are re ported by Al-
Abdul-Elah et al. (2001) along with the feeding on
Chlorella, Isochrysis and Nannochloropsis as well as the
earlyjuveniles’ size. The maximum adult size was re ported
byAbdurahimanetal. (2010). Smaller and larger adult diet
items were reported by Kuthalingam (1963), Rao (1964)
and Dadz etal. (2000). Information about postlarvae and
juveniles were reported by Abdurahiman et al. (2006). |
have assumed thatsince early juveniles mightbe close to
postlarvae, then the diet could be more or less similar.
Thus, | used the information about feeding reported by
Abdurahiman et al. (2006) for postlarvae for juveniles as
well. The maximum size of juveniles was estimated by
Cross et al. (1999) based on information about P.
triacanthus. Copepod nauplii were assumed to be the diet
of the smallest larvae in nature because it has been
reported that most fish larvae prefer copepod nauplii at
the first exogenous feeding (Kiorboe & Munk 1986,
Viitasalo etal.2001).
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