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Problem Statement

It has been postulated (Plangányi et al. 1999) that the calanoid copepod, Calanoides carinatus, is representative of a broad range of other copepod species. This project aims at testing this hypothesis using another abundant herbivorous copepod Rhincalanus nasutus. Rhincalanus nasutus in the Gulf of Mexico has been recorded as an indicator of oxygen minimum zone, constituting the oceanic assemblage (Fernández-Álamo et al. 2000). Life cycles of large calanoid copepods have been reported to be different both in timing and duration (Mayzaud et al. 2002)
General Introduction
The herbivorous copepods, Rhincalanus nasutus and Calanoides carinatus are two of the dominant herbivorous copepods found in the Benguela upwelling system (Timonin, 1993). Upwelling in the Benguela system is driven by longshore, equator-ward winds. The northern Benguela (17º15'S-28º40'S) is characterized by steadier and less vigorous upwelling than farther south and is aseasonal in the vicinity of the Lüderitz upwelling cell, owing to the persistent wind-stress (Shannon and Agenbag, 1988). Hydrographical patterns that differentiate the northern Benguela from the southern Benguela are the diffused upwelling fronts and constant crossing of plumes and filaments off Namibia (Shannon, 1985; Hutchings et al. 1986; Lutjeharms and Stockton, 1987). The distribution patterns of copepods are closely connected to these hydrological patterns (Timonin, 1993). The spatial and temporal variability of herbivorous copepods in the northern Benguela are more complex than those of other dominant, omnivorous copepods, e.g. Metridia lucens and Centropages branchiatus (Timonin et al. 1992). The cross-shelf and vertical distribution patterns of herbivores are similar, with maxima of biomass over the slope and a homogeneous vertical distribution (Timonin et al. 1992), a pattern more pronounced in the southern section of the northern Benguela. Therefore, they contribute to the identity of the nearshore assemblages during all phases of upwelling in the Benguela ecosystem (Hutchings, 1988; Hopson, 1983). 
Key species exploit a common resource in a similar way (Root, 1967) and therefore the community structure can be represented by key species (Paine, 1969). An aspect of community species structure (McGowan and Miller, 1980) that seems highly variable is the constancy of the rank order of species abundance in time and space (Hernadez-Trujillo, 1999). Related studies by Mullin (1993) on R. nasutus and Calanus pacificus suggested that a similarity in the mesoscale distributions imply ecological similarity, hence positive correlation in the estimated biomass and abundances. According to Mullin (1993) the distributions of the two populations of R. nasutus and C. pacificus in the southern sector of the California Current, where equatorward surface currents are strong, were similar on a large scale but far from identical on a small scale. Calanus pacificus in the southern sector of the California current is more widespread with fewer absences and is generally more abundant than R. nasutus. The difference in abundance at a small scale between the two species in the California Current is explained by the slanted resource distributions (intra-specific phytoplankton size structures) and niches to C. Pacificus (Trujillo, 1991; Mullin, 1991, 1994, 1995). 

In the Benguela, knowledge and understanding of the population maintenance strategies of herbivorous copepods have been extrapolated from intensive studies of the presumed representative calanoid copepod, C. carinatus (Gibbons and Hutchings, 1996). Their population maintenance strategies, which include ontogenetic vertical migration (Verheye and Field, 1992), allow copepods to exploit the longshore and cross-shelf water movements of the northern Benguela through the adaptation of their developmental stages (Gibbons and Hutchings, 1996). Active growth, reproduction and accumulation of reserves for C. carinatus occur at the surface during active upwelling, followed by later developmental stages (C V) accumulating fat reserves then descending to the deeper layers (Timonin et al., 1992). These C V copepodites form the resting part or diapause of C. carinatus populations, and are followed by moulting into females (Verheye et al., 1992). Mature females undertake nocturnal ascents through the poleward subsurface compensating current into the near-surface waters, where they spawn (Armstrong et al. 1991; Verheye and Field, 1992). Verheye et al. (1992) postulated three life history strategies for continued presence of C. carinatus on the shelf: (i) true diapause as C V at great depths; (ii) resting on the outer shelf as C V and adult females and; (iii) permanently active nearshore assemblages.
Apart from distribution patterns and population maintenance strategies, production as a function of stage-specific moulting and developmental rates additionally provide basic information to understand the life history and population dynamics of copepods (Peterson and Painting, 1990). Research on growth and development of C. carinatus in the southern Benguela was derived from observed changes in stage frequency with time (Peterson and Painting, 1990). Calanoides carinatus has egg hatching times of 27 hours and development from egg to adult of 18.3 and 12.0 days at 19.5ºC and 15.5ºC respectively, suggesting that the rates of development in the Benguela upwelling system are rapid as an adaptation to life in this highly variable system. This large copepod attains adulthood at a rate comparable to small copepods and conforms to ‘equiproportional development’ between stages (Corkett et al. 1984). According to Richardson et al. (2001), egg production for C. carinatus and R. nasutus is 11.1 and 6.3 eggs per individual female respectively, and they found instantaneous mass-specific female growth to be higher for C. carinatus than R. nasutus. Irigoien et al. (in press) confirmed the egg production rate for C. carinatus to be higher than R. nasutus. 
Egg production for R. nasutus in the California Current was considerably higher compared to C. carinatus (Mullin, 1993). Direct comparison of stage-specific growth between C. carinatus and R. nasutus in the Benguela system is impossible, because of differences in staging the two species. Moreover, extrapolation of growth rates from one species to another on the basis of similarity in body size is not justified (Richardson and Verheye, 1999). Comparative studies in the Southern Ocean (Shreeve et al., 2002) revealed lower egg production rates for Calanoides acutus than Rhincalanus nasutus. Longer stage durations, juvenile development times and lower body carbon increase per day (g), which is body mass dependent, for R. nasutus compared to C. acutus were observed in the same study. Global contrasts in factors controlling growth rates exist, but the general conclusion from the literature is that food, rather than temperature was the major factor explaining the variations (Shreeve et al., 2002) as food progressively limits growth rate as body size increases (Richardson and Verheye, 1999).  
Difficulties exist in quantifying mortality, but the studies in the Southern Ocean demonstrated the timing of the bloom to be the determining factor affecting mortality, rather than predation. Mullin (1993) concluded that the similarity of reproduction rate of R. nasutus and C. pacificus was alternatively explained by very low mortality rates or by advective immigration of immature stages. Juvenile mortality rates for both R. nasutus and C. pacificus are temporally and spatially uncorrelated between the two species in the California current.
Little knowledge has led to the assumption that the variability of the copepod community in the Benguela upwelling zone is a result of variations in the distribution of total biomass and abundance and age structure of the dominant herbivorous copepod C. carinatus (Adronov, 1971; Timonin, 1990; Timonin, 1991). It is known that C. carinatus is the dominant copepod in the Benguela Current ecosystem, but whether the comprehensive field and laboratory studies on its biology and ecology (Borchers and Hutchings, 1986; Verheye, 1989; Peterson and Painting, 1990; Peterson et al., 1990) and life history validates its use as a proxy for a broad range of other copepod species (Plangányi, 1999) is not known.

Objectives

This project will aim to identify factors that contribute to the assumed similarity of C. carinatus to R. nasutus, testing the following hypotheses:
H01: There is temporal and spatial similarity in abundance and biomass between C. carinatus and R. nasutus both on small and large scale in relation to water characteristics.
H02: There is a spatial and temporal continuity in the rank order in the total and stage-specific biomass and abundance between C. carinatus and R. nasutus.

The hydrography of the northern Benguela (23ºS) during the 1981-1983 period will be described both in its temporal (interannual and seasonal) and spatial variation (cross-shelf). The seasonal and spatial distribution patterns of R. nasutus in relation to C. carinatus and other key species will be identified. 
H03: Calanoides carinatus and R. nasutus represent upwelling or nearshore assemblages whilst Nannocalanus minor represent oceanic species.

Cross-shelf assemblages representing different water masses will be identified and species that dominate the respective water masses will be identified as indicator species. 

H04: The cross-shelf distribution of C. carinatus and R. nasutus developmental stages are similar, implying that both species have similar population maintenance strategies in relation to Ekman transport.
Mean stage-specific abundance of both species will be investigated and stage-specific maxima will be related to environmental variables (temperature and salinity), season and distance offshore to induce population maintenance strategies.  Furthermore, population maintenance through diapause as a function of occurrence of stage C V and C III or C IV before descent for C. carinatus and R. nasutus respectively, will be assessed.
H05: Similarities in the cross-shelf distribution, in turn similar adaptation to Ekman transport yields similar population parameters with regard to reproduction, growth and mortality.
The temporal and spatial distribution will explain the similarity or dissimilarity in population parameters such as recruitment, growth and mortality as a function of the environment. The coincidence of distribution with population parameters will be tested adopting a modeling approach.
Research Obstacles
Calanoides carinatus is used as an indicator of the nearshore assemblages in the phased Benguela upwelling system (Plangányi et al. 1999), but the effect of season and the use of similar stages of R. nasutus to C. carinatus to arrive at comparable conclusions is neglected. The magnitude of variability in the Benguela ecosystem occurs both at a small scale and large scale, thus caution is needed in comparing the distribution patterns of R. nasutus with those C. carinatus. The warm and cool episodes of the northern Benguela system should be isolated to get the normal pattern (Hernandez-Trujillo, 1999) and complete understanding of factors that control abundance in space and time will only be achieved through an approach that includes advection and mortality (Irigoien, 2003). The effect of advective processes and subsequent vertical migration by copepods may only be comparable if staging of juveniles of all species is carried out identically. 
The traditional coarse grouping of R. nasutus juvenile stages into a single “juvenile category” might also influence the detection of diurnal migration patterns, in turn influencing day and night abundances (Olivar and Barange, 1990). The northern Benguela, in essence the vicinity of the Luderitz upwelling cell, is highly productive and short generation times and fast overall growth characterizes this region. Cohort analysis and in turn interpretations of development rates will be difficult in such an environment. In addition the interpretations of stage structures of this fast growing animal and possible unsuccessful completion of life cycles by cohorts will create difficulties in arising at mortality estimations (Miller et al., 1984).

Research methodology
Oceanography
The oceanographic data and zooplankton samples were collected during the SWAPELS (South West African Pelagic Egg and Larval Survey) cruises of 1981, 1982 and 1983 or 1978, 1982 and 1987. Maps of sea surface temperatures (SST) and sea surface salinities (SSS) and depth profiles of temperature and salinity of the entire area covered by the selected stations (23°00´S)  for each month of each year will be plotted using GIS software. If possible, the upper mixed layer (UML) will be calculated as a depth at which the density differed from the surface density by 0.05 kg m-3.
Community structure
Taxonomy – Macrozooplankton (> 2 mm total length) will be removed from the preserved samples and copepods identified to the lowest taxonomic level possible. All developmental stages for R. nasutus and C. carinatus will be analyzed separately and the abundance (individuals/m-3) of each taxon and developmental stage calculated. Abundance will be further standardized to the volume of 1000 m-3, which may be reduced depending on the mean volume of water filtered during sampling. The diversity and densities of all species present for each month will be plotted using GIS software. 
Assemblages – Multivariate analyses will be conducted using the statistical package Plymouth Routines in Multivariate Ecological Research PRIMER 5 (PRIMER-E Ltd 2000; Clarke and Warwick, 1997). The standardized abundances and distributions will be subjected to hierarchical agglomerative cluster analysis and multi-dimensional scaling (MDS) for grouping similar assemblages, geographically consistent with water properties. Similarity or differences between assemblages will be tested for significance using ANOSIM, analogues to one-way ANOVA. The BIONENV procedure in PRIMER will be used to determine which environmental parameters (SST, SSS, UML, latitude and longitude) could best explain the structure of the identified copepod assemblages between samples (Clark and Warwick, 1997). The SIMPER analysis in PRIMER will be used to identify the species responsible for the aggregation of groups in clusters, focusing on the respective contribution of R. nasutus and C. carinatus. The constancy of rank order of R. nasutus and C. carinatus will be investigated through principal components analysis (PCA). The relative abundances of key species will be plotted against biomass to elucidate the effect of disturbance using abundance and biomass curves (ABC curves). 
Cross-shelf distribution and population maintenance strategies
Mean stage-specific abundance along transects will be obtained to deduce similarity in the dispersal of copepodites stages of R. nasutus and C. carinatus. Maxima of C. carinatus adults inshore as the active reproducing part of the local population, the succession of developmental stages inshore-offshore and the consequent appearance of offshore “resting” component (Brown and Hutchings, 1987) of the population will be related to that of R. nasutus. The relationship between stage-specific maxima of both species, SST, season and distance offshore will be conducted.
Individual Based Model
Diagnostic simulations of intrinsic variables (egg production, stage development times and mortality dependent) on extrinsic variables (temperature and food) will be conducted using an individual based model. Population parameters of C. carinatus will be obtained from the estimates derived from experiments (Peterson and Painting, 1990; Richardson and Verheye, 1999; Richardson et al. 2001). Model solution for population parameters of R. nasutus will be tuned to predict the observed frequency distributions. The model will be tuned to fit the observed internal variables, thus similarity or differences between the two species will be a function of similar or different values of external variables (food and temperature) controlling the internal variables.
Thesis Outline
Chapter 1: General Introduction and Hydrography 
This chapter will provide a literature review on the relevant subject-matter considered in this project and also serve as an introduction to the topics aimed to be covered.
The water characteristics in the study area (23ºS-27ºS) portrayed by SST and SSS will be discussed. Emphasis will be on longitudinal and latitudinal flow patterns induced by offshore and possible onshore advection and equator-ward flow. The spatial uniformity in the water circulation characteristics of this section of the northern Benguela will be investigated. Seasonality in water properties as a possible underlying mechanism for the seasonal species distribution patterns will be investigated.
Expected outcomes – Upwelling is expected to be pulsed in the northern Benguela, seasonality driven by the seasonality of the south-easterly winds. This will be characterized by near-uniform alongshore thermal patterns during summer. Isotherms and isohalines are expected to be perpendicular to the coast during quiescent phases of upwelling. Onshore advection of oceanic water is expected during summer and its onshore penetration will be determined by the latitudinal intensity in upwelling. A longitudinal pattern characterized by surface advection of upwelled water and progressive increase in SST westerly is expected. This longitudinal pattern will be disturbed by secondary upwelling at the shelf break. 
Chapter 2: Community structure 
Abundance
Zooplankton concentrations in coincidence of upwelling phases and different water masses will be discussed.

Expected outcomes – The abundance of R. nasutus and C. carinatus are expected to be low during quiescent phases of upwelling and reaching a maximum close inshore during intense upwelling. Minimum concentrations are expected far offshore where signs of upwelling are diffused. 
Assemblages
The assemblages of species groups in clusters with respect to physical properties of the water masses will be investigated.
Expected outcomes – Distinct sub-clusters, separating nearshore samples from offshore samples are expected. Rhincalanus nasutus and C. carinatus are indicators of upwelling and their presence should dissipate in clusters representing progressive maturation of upwelled water. Clusters representing oceanic species should be characterized by Nannocalanus minor.
Chapter 3: Cross-shelf distributions and population maintenance strategies
Maximum reproduction rates inshore will be related to coastal upwelling and advection of developmental stages in an offshore direction will be related to wind-driven Ekman transport. 
Expected outcomes – Bimodal distribution patterns are expected for R. nasutus and C. carinatus. The inshore peak should depict the reproducing portion of adult copepods. The second peak offshore will depict the resting part of the population, characterized by the presence of C IV or  C V copepodites. Aseasonal upwelling will be characterized by short development times, therefore dominance of one developmental stage will be shown by cohorts succeeding each other in a longitudinal direction. The concentrations of cohorts will stabilize in an offshore direction as the late developmental stages adopt strategies to evade predation and losses due to advection. These strategies are expected to be similar for herbivorous copepods, R. nasutus and C. carinatus.
Chapter 4: Individual Based Model

Population parameters otherwise derivable from laboratory experiments will be estimated from the model. 

Expected outcomes – Egg production and development time to adulthood is known for R. nasutus. The intermediate development rates are unknown for R. nasutus and are expected to be slower than smaller C. carinatus as growth decreases with size. Moreover, growth is thought to be limited by food or intra-specific size-based food partitioning (Verheye et al. 1994), therefore growth rates will be smaller for R. nasutus. Chlorophyll a is positively related to the proportion of large cells (Mitchell-Innes and Pitcher, 1992), thus large cell diatoms should be in favour of large bodied copepods such as R. nasutus. Existing suggestion of equi-proportional growth is achievable in similar environmental conditions. Growth and mortality parameters in the model to fit the observed distributions should be equi-proportional or similar under similar environmental parameters.
Chapter 5: Summary and Conclusions
Findings of the research will be related to the known suggestions or hypotheses. Possible underlying mechanisms of outcomes will be discussed to provide recommendations for future research work. 
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