
Manuel Olivares Requena 
Master thesis 

Supervision by: 
Dr. Astrid Cornils (AWI, Germany) 
Prof. Dr. Stefanie M. H. Ismar (GEOMAR, Germany) 

Kiel, January 2016 

Comparison of seasonal trends between
reef and offshore zooplankton communities

in the northern Gulf of Aqaba (Red Sea)



2 

Index 
Summary……………….…………………………………………………………………………………………………3

Introduction…………….…………………………………………….…………………………………………………4

1. Introduction…………………………………………………………………………………………………….…………..4
2. Objectives…………………………………………………………………………………………………………….……..5

Material and Methods…………………………………………………………………………………….….……6

1. Study area: The Gulf of Aqaba……………………………………………………………………………………..6
2. Sample collection……………………………………………………………………………………………………..….8
3. Sample analysis………………………………………………………………………………………………..………..10 
4. Data analysis………………………………………………………………………………………………………………12

Results…………………………………………………………………………………………………………………...14

A. Environmental parameters………………………………………………………………………………………..14
B. Community patterns…………………………………………………………………………………………….……15 

B1. Mesozooplankton………………………………………………………………...………………………15
B2. Copepods……………………………………………………………………………………………………..20

C. Patterns of dominant taxa…………………………………………………………………………………..…….25 
D. Carbon and nitrogen analysis…………………………………………………………………………………….26 

Discussion…………………………………………………………………………………………………….………..27

1. Mesozooplankton composition……………………………………………………………………….……..….27 
2. Mesozooplankton abundance and biomass...……………………………………………………….……29
3. Seasonal patterns ………………………………………………………………………………….…………..……..30
4. Spatial patterns: reef vs. offshore communities …………………………………..……………………30 
5. Diel patterns: day vs. night communities …………………………………………………..…………..….31
6. Relation to environmental parameters ………………………………………………………….……….…32
7. Carbon and nitrogen analyses …………………………………………………………………….………..…..32 
8. Points of criticism ………………………………………………………………………………………………...…..33

Acknowledgements……………………………………………………………………………………….……….35 

References……………………………………………………………………………………………………….….…36

Appendix I………………………………………………………………………………………………..…….……..41

Appendix II…………………………………………………………………………………………………..….….…42

Appendix III………………………………………………………………………………………………..…….……43

Declaration…………………………………………………………………………………………….………….....49 



3 

Summary 

Zooplankton plays a crucial role in the proper growth and development of reef-building corals 
under environmental stress, making the study of zooplankton communities particularly 
important in areas such as the Gulf of Aqaba (Red Sea) where corals show a great potential to 
cope with climate change factors. In the present study, reef zooplankton communities (>200 
µm) were characterized in the northern Gulf of Aqaba, and compared to epipelagic offshore 
communities in order to find out whether a distinct reef community exists despite the short 
distance between coastal and offshore regions. Seasonal, spatial and diel patterns in terms of 
species composition, abundance, biomass, and C:N ratios of mesozooplankton communities 
were investigated at two different stations: one above the reef and one in offshore waters. 
There was special focus on the copepod community due to its great contribution within the 
mesozooplankton community. The results showed that the species composition, abundance, 
and biomass of reef and offshore communities were not significantly different, suggesting that 
the high proximity and the water exchange between both offshore and coastal areas do not 
allow distinguishing a distinct reef community. However, a few spatial differences were 
identified, i. e. the abundance of chaetognaths and the richness of copepod families were 
higher at the offshore station. The species composition of both communities was typical for 
tropical and subtropical seas, characterized by the high dominance of copepods (especially 
small calanoids), followed by mollusc larvae, appendicularians, and chaetognaths. However, 
the range of zooplankton abundance and the two-peak annual cycle of zooplankton 
abundance and biomass were more characteristic for temperate waters. No significant 
differences were found between day and night communities, except for some specific taxa 
such as chaetognaths, euphausiids, and decapods, which were more abundant at night. The 
match between environmental and biological patterns was weak, suggesting that the time 
resolution and the taxonomic resolution in the present study did not allow establishing 
significant correlations between environmental and biological parameters. C:N ratios of 
copepods were significantly higher at the reef across different taxa and seasons, which 
constitutes a proof of the importance of reef-building corals to provide C-rich material to the 
water column. 
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Introduction 

1. Introduction 

The importance of zooplankton in coral reefs 

Zooplankton communities are a vital link in marine food webs in terms of energy flow and 
matter transfer from low trophic levels (microbial organisms, phytoplankton, 
protozooplankton) to larger epipelagic animals that cannot directly feed on nano- and 
microorganisms (Turner 2004, Fernández-Álamo & Färber-Lorda 2006, Castro & Huber 2010). 
It also significantly contributes to the detritus pool in the water column (Castro & Huber 2010). 
However, zooplankton communities not only play a crucial role in oceanic food webs, but also 
in benthic ecosystems such as coral reefs. Zooplankton constitutes the main food source for 
reef-associated fauna such as fishes, sea fans, feather stars, and, circumstantially, corals (Rossi 
et al. 2004, Palardy et al. 2006, Castro & Huber 2010). Heterotrophy in corals accounts for up 
to two thirds of the fixed carbon incorporated into coral skeletons and constitutes a source of 
nitrogen, phosphorous, and other nutrients that cannot be obtained from the associated 
zooxanthellae (Houlbrèque & Ferrier-Pagès 2009). Exogenous food sources are beneficial to 
corals in terms of increasing metabolic activity, tissue growth, calcification, photosynthetic 
activity, and investment on sexual reproduction (Houlbrèque et al. 2003, Rodolfo-Metalpa et 
al. 2008, Naumann et al. 2011). Coral feeding on zooplankton is especially important under 
environmental stress since it does not only prevent bleaching, but also promotes recovery 
after bleaching (Grottoli et al. 2006, Borell & Bischof 2008, Ferrier-Pagès et al. 2010). 

The singularity of the Gulf of Aqaba (Red Sea) 

The proportion of threatened coral reefs has dramatically increased over the last decades 
(Carpenter et al. 2008, Wild et al. 2013). The Red Sea is thought to be one of the potential 
coral refuges in the future when the environmental stress levels are predicted to exceed coral 
survival thresholds in other areas (Riegl & Piller 2003, Fine et al. 2013). The Gulf of Aqaba 
(northern Red Sea) harbors coral reefs that show exceptional thermal resistance and 
acclimatization potential to ocean warming compared to other high-latitude reefs (Fine et al.
2013, Sawall et al. 2015). Such potential is attributed to the recent geological history and the 
unique hydrographical characteristics of the gulf (Fine et al. 2013).  

The Gulf of Aqaba shows a great depth to width ratio that cannot be found in other ocean 
basins in the world (Hulings 1989, Manasreh 2002). In contrast to most subtropical waters, the 
water stratification in the Gulf of Aqaba displays strong seasonal fluctuations: well-mixed 
conditions in winter, surface warming during spring and summer, maximum stratification in 
late summer, and dissipation of stratification in autumn (Manasreh 2002, Biton & Gildor 2011, 
Carlson et al. 2014). Nutrients in the water column depend mainly on the water supply from 
the northern Red Sea through the Straits of Tiran (Reiss & Hottinger 1984). Although water 
conditions are constantly oligotrophic (Klinker et al. 1978, Reiss & Hottinger 1984, Kürten et al.
2014a), nutrient concentrations vary seasonally (Klinker et al. 1978, Reiss & Hottinger 1984, 
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Rasheed et al. 2002). Productivity in the Gulf of Aqaba also shows a marked seasonality 
(Levanon-Spanier et al. 1979, Reiss & Hottinger 1984, Lindell & Post 1995, Labiosa et al. 2003), 
with an increasing gradient from north to south (Levanon-Spanier et al. 1979).  

Zooplankton in the Gulf of Aqaba (Red Sea) 

Zooplankton communities in the Gulf of Aqaba have been previously studied. In the period 
November 1986 – May 1988, reef and offshore zooplankton communities were compared in 
the northern sector and certain differences between seasons, sites, and sampling times were 
found, i. e. average zooplankton diversity was higher at night than at daytime, as well as 
zooplankton abundance was much higher at the reef (Echelman & Fishelson 1990). However, 
sampling was conducted with 500-µm net meshes and zooplankton abundances were probably 
underestimated considering the high dominance of small copepods in the zooplankton of that 
area (Vaissiére & Seguin 1984, Cornils et al. 2007b, Böttger-Schnack et al. 2008, Dorgham et al.
2012). In the period July 1994 – March 1996, new zooplankton samplings were conducted in 
coastal and offshore waters using smaller net meshes (55 µm, 100 µm) and it was found that 
zooplankton in the Gulf of Aqaba is clearly dominated by small copepods, followed by 
meroplanktonic larvae, appendicularians, and chaetognaths (Khalil & Abd El-Rahman 1997, 
Dorgham et al. 2012). Similar community composition was recorded in later studies in the Gulf 
of Aqaba and the northern Red Sea (Cornils et al. 2005, Cornils et al. 2007b, Böttger-Schnack et 
al. 2008). Most zooplankton in the Gulf of Aqaba is located within the surface (0-25 m) or the 
subsurface layer (25-50 m) (Farstey et al. 2002, El-Serehy et al. 2004, Cornils et al. 2005, 
Dorgham et al. 2012), although the vertical distribution of zooplankton is more homogeneous 
during winter well-mixed conditions (Farstey et al. 2002, Cornils et al. 2005). Maximum 
zooplankton abundances are usually found in winter (Echelman & Fishelson 1990, Khalil & Abd 
El-Rahman 1997, El-Serehy et al. 2004), but zooplankton annual cycles show a substantial 
interannual variability and zooplankton peaks have been also recorded in spring and/or early 
summer (Cornils et al. 2007b, Dorgham et al. 2012). Latitudinal gradients in zooplankton 
abundance and diversity have been found in the Gulf of Aqaba (Khalil & Abd El-Rahman 1997, 
Böttger-Schnack et al. 2001, Böttger-Scnack et al. 2008). 

2. Objectives 

The study of reefs and their associated zooplanktonic fauna is especially important in areas 
where corals show a great potential to cope with climate change factors, i. e. ocean warming. 
The present project focuses on the study of the reef zooplankton in the northern Gulf of Aqaba 
and the comparison to offshore communities in order to find out if a distinguishable reef 
community exists despite the high proximity between oceanic and coastal areas. For this 
purpose, seasonal and diel differences in terms of species composition, abundance, biomass, 
and C:N ratios of zooplankton will be investigated at two different locations in the northern 
Gulf of Aqaba: a near-shore station above a coral reef with a depth of ≈30 m, and an offshore 
station with a depth greater than 400 m. There will be special focus on the copepod 
community due to its great importance in the zooplankton communities of that area. 
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Material and methods 

1. Study area: The Gulf of Aqaba  

Geography 

The Gulf of Aqaba is a semi-enclosed water body located at the northern tip of the Red Sea. It 
extends east of the Sinai Peninsula and west of the Arabian Peninsula between 28°00’-29°30’ N 
and 34°30’-35°00’ E. It is oriented in a NNE-SSW direction and connects with the Red Sea by 
the Straits of Tiran. Its coastline is shared by four countries: Egypt, Israel, Jordan, and Saudi 
Arabia (Fig. 1).  

The Gulf is 180 km long and has a maximum width of 17 km (Hulings 1989). It comprises three 
deep elongated basins separated by sills. The mean depth is around 800 m and it reaches a 
maximum depth of 1850 m at the central basin (Aragonese Deep) (Manasreh 2002). The Gulf 
of Aqaba is considered unique due to its great depth-width ratio (Hulings 1989, Manasreh 
2002) (Fig. 1).  

Fig. 1. (Top left) Location of the Gulf of Aqaba in the northern Red Sea. (Bottom left) Location of the Gulf of Aqaba east of 
Sinai Peninsula and west of Arabian Peninsula. (Right) Depth map in the Gulf of Aqaba. Maps obtained with Ocean Data View.
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Climate 

The Gulf of Aqaba is located in an arid area where evaporation processes prevail over the small 
precipitation. The climate is characterized by high temperatures with a diurnal difference that 
can exceed 15°C (Hulings 1989). In the period 1997-2001 the mean air temperature in August 
(hottest month) and January (coldest month) was 32°C and 16°C, respectively (Manasreh 
2002). The rainfall is ≈35 mm/year (1966-1980) and occurs as heavy rain during a brief period 
of time (Hulings 1989). The annual mean evaporation is estimated to be 1.6-1.8 m/y (Ben-
Sasson et al. 2009). There is no runoff from rivers. The typical prevailing winds for most 
seasons of the year in this area are Northerlies.  

Hydrography 

The Straits of Tiran control the water exchange between the Gulf of Aqaba and the Red Sea. 
During spring and summer, there is surface heating and surface inflow of warm water from the 
northern Red Sea that reaches the middle of the Gulf, then sinks, and returns to the Red Sea as 
a subsurface outflow (Manasreh 2002, Biton & Gildor 2011, Carlson et al. 2014). There is a 
third deep water inflow (>200 m) that probably reaches the northern end of the Gulf 
(Manasreh 2002). In summer there is a strong thermal stratification, reaching the greatest in 
August. In autumn the advection of warm water from the northern Red Sea is minimal and the 
water stratification starts vanishing in October, reaching well-mixed conditions in winter 
(Manasreh 2002, Biton & Gildor 2011, Carlson et al. 2014). The stratification processes in the 
Gulf vary seasonally but also depend on semi-diurnal currents that occur throughout the whole 
year in shallow coastal waters and deep offshore waters (Carlson et al. 2012, 2014). The 
magnitude of the semi-diurnal tidal currents varies with the season (Carlson et al. 2012).  

In northern Gulf of Aqaba, there is a southward current that travels along the west coast most 
of the year and only reverses in November-January (Manasreh 2002). Shallow coastal waters 
experience greater temperature changes than offshore waters, driving exchange flows 
between these two areas (Monismith et al. 2006). Under heating conditions there is an 
offshore current at surface and an onshore current at depth, while the pattern is reversed 
when cooling dominates (Manasreh 2002, Monismith et al. 2006). In summer both heating and 
cooling processes are important leading to a reversing exchange flow every day. In winter, only 
the cooling flow is observed (Manasreh 2002, Monismith et al. 2006). Surface cyclonic eddies 
are rare and only appear in autumn or winter (Afargan & Gildor 2015). 

In the upper 200 m, waters show a temperature of 21-26°C in summer and 20-21°C in winter 
(Manasreh 2002). Water temperature in deeper layers is homogeneous and similar to the 
upper 200 m during winter. The water salinity is high and fairly constant throughout the year 
varying between 40-41 PSU (Manasreh 2002). 

Nutrients and primary production 

In the Gulf of Aqaba there is no significant deep-water upwelling or runoff from rivers, so 
nutrients and therefore primary production mostly depend on the surface water supply from 
the northern Red Sea (Reiss & Hottinger 1984). Most waters flowing through the Straits of 
Tiran are nutrient-depleted Red Sea upper waters leading to constant oligotrophic conditions 
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in the Gulf of Aqaba (Klinker et al. 1978, Reiss & Hottinger 1984, Kürten et al. 2014a). 
However, nutrient conditions vary seasonally: nutrients accumulate below the pycnocline 
during summer (April-October) and are brought to upper layers when the thermocline starts 
vanishing in autumn (Klinker et al. 1978, Reiss & Hottinger 1984). Therefore, nutrient 
concentrations are higher in winter and lower in summer (Rasheed et al. 2002). The boundary 
between the nutrient-poor surface layer and the richer bottom layer is deeper in the northern 
part of the Gulf (350-550 m) than in the southern part (150 m) (Klinker et al. 1978). Also, dry 
atmospheric deposition eventually constitutes a substantial source of nutrients and trace 
elements for upper waters during the stratification period (April-October) (Chen et al. 2007, Al-
Taani et al. 2015, Prakash et al. 2015).  

Although nutrient concentrations are normally low throughout the year, a seasonal 
phytoplankton bloom is usually distinguished in winter or early spring during water well-mixed 
conditions (Levanon-Spanier et al. 1979, Reiss & Hottinger 1984, Lindell & Post 1995, Labiosa 
et al. 2003). Weaker phytoplankton peaks may also appear in autumn (Kimor & Golandsky 
1977, Labiosa et al. 2003). There is a clear seasonal shift in taxonomic groups within the 
phytoplankton community throughout the year (Kimor & Golandsky 1977, Lindell & Post 1995, 
Al-Najjar et al. 2007). However, length, intensity, and timing of phytoplankton blooms show a 
high interannual variability (Labiosa et al. 2003).  

Ecology of reefs 

The Gulf of Aqaba includes fringing coral reefs along its coastline. The distribution of reefs 
along the coast is discontinuous. Stony and soft corals are spatially aggregated up to ≈30 m 
deep and some coral species reach a depth of up to 200 m (Benayahu & Loya 1977, Hulings 
1989). Among the coral species, the most dominant stony corals are Stylophora pistillata and 
Millepora dichotoma (Benayahu & Loya 1977, Hulings 1989) 

Coral reefs in the Gulf of Aqaba constitute an important source of nutrient-rich material for the 
water column (Rasheed et al. 2002, Naumann et al. 2012, Kürten et al. 2014a). Therefore, 
coastal waters adjacent to reefs are typically richer in nutrients and more productive than 
offshore waters, especially in summer (Levanon-Spanier et al. 1979, Rasheed et al. 2002, 
Niemann et al. 2004).  

2. Sample collection 

Sampling site and sampling period 

Mesozooplankton samples were collected at two different stations in the northern Gulf of 
Aqaba. The Reef Station (29°27.548 N, 34°58.495 E) is located near the coast and has a depth 
of ≈30 m, while the Offshore Station (29°27.831 N, 34°58.111 E) is further from the coast and 
shows a depth greater than 400 m (Fig. 2). Both stations are in Jordanian waters.  

Sampling was conducted on a monthly basis from April 2002 to August 2003 during daytime 
(11.45 a.m. – 4.15 p.m.) and night time (11.45 p.m. – 4.30 a.m.). Night samples were not 
collected in 2003. Due to time limitations, only samples from April, June, September, and 
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January were analyzed in order to include at least one sample from each season (Table 1). No 
sample from November 2002 at Reef-Day was available for the analysis.  

Fig. 2. Location of the reef station (orange) and the offshore station (blue) 
in the northern Gulf of Aqaba. Map obtained with Ocean Data View.

Sampling methodology 

Zooplankton samples were collected in the upper 25 m of the water column using Nansen 
plankton nets (0.4 m2 aperture, 200 µm mesh size) equipped with a flowmeter. The nets were 
vertically towed at a speed of 1 m/s. The filtered volumes were calculated according to 
flowmeter readings.  

At the offshore station, water temperature, salinity, nutrient concentration (NO3, NO2, NH3, 
PO4, SiO2), and chlorophyll a concentration in the upper 25 m were measured on a monthly 
basis within the framework of Jordan’s National Monitoring Program (period January 2002 –
October 2003, see also Cornils et al. 2007b). 

Sample preservation

The samples were preserved in borax-buffered 4% formaldehyde seawater solution, 
transported to Bremerhaven (Germany), and stored in the Alfred Wegener Institute (AWI) until 
their analysis in 2015. 

Station Time 2002 2003
A M J J A S O N D J F M A M J

Reef Day √ √ √ x √ √ √
Reef Night √ √ √ √ √ x x

Offshore Day √ √ √ √ √ √ √
Offshore Night √ √ √ √ √ x x

Table 1. Sampling design in the period April 2002 – June 2003. √=sample collected. x= sample not collected
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3. Sample analysis 

Calculation of mesozooplankton abundances and biomass

A counting chamber for zooplankton and a stereomicroscope Leica MZ75 were used to identify 
and count mesozooplankton organisms. Samples with high densities were split up into 1/2, 
1/4, or 1/8 using a Folsom splitter, in such a way that at least 1000-2500 copepods were 
counted. Partial abundances were multiplied by the splitting factors (1, 2, 4, or 8) to calculate 
total abundances.  

All mesozooplankton organisms were classified within a class or phylum. Copepods were 
identified to the highest possible taxonomic resolution (family, genus, or species). The 
identification followed the keys by Al-Yamani et al. 2011, and Prusova et al. 2012. The genera 
Parvocalanus and Delibus were included within the genus Paracalanus due to their similar 
morphology. Incomplete specimens that could not be identified were classified as 
“unidentified copepods”.

Biomass values for most copepod taxa (>95% of all copepods) were estimated using absolute 
abundances and wet weights of reference species that are typically found in the northern Gulf 
of Aqaba (Table 2). Reference species and their contribution to specific taxa were determined 
according to existing literature (Khalil & Abd El-Rahman 1997, Böttger-Schnack et al. 2001, El-
Serehy & Abdel-Rahman 2004, Cornils et al. 2007b, Böttger-Schnack et al. 2008, Dorgham et al.
2012). Wet weights (adult females) for reference species were obtained from Razouls et al.
(2005-2016) or calculated based on body lengths and wet weights of related species. Biomass 
values for non-copepod taxa were not estimated due to the lack of good proxies for taxa 
typically found in the study area. 

A stereomicroscope ZEISS Discovery v8 was used to obtain photos from most 
mesozooplankton groups, to collate an illustrative inventory of the identified taxa (Appendix 
III). 

Table 2. Wet weights of reference species and their contribution to specific taxa (%) to calculate biomass.

Taxon Reference species Wet weight (mg) Contribution (%)
Acartia spp. Acartia negligens 0.035 100
Calanidae Nannocalanus minor 0.275 100
Candacia spp. Candacia armata 0.765 100
Clausocalanidae Clausocalanus farrani 0.049 33

Clausocalanus furcatus 0.030 34
Ctenocalanus vanus 0.064 33

Lucicutia sp. Lucicutia flavicornis 0.140 100
Calocalanus spp. Calocalanus pavo 0.080 25

Calocalanus pavoninus 0.009 15
Calocalanus styliremis 0.016 60

Mecynocera clausi Mecynocera clausi 0.031 100
Paracalanus spp. Paracalanus aculeatus 0.016 25

Paracalanus parvus 0.023 75
Rhincalanus nasutus Rhincalanus nasutus 0.700 100
Oithona spp. Oithona decipiens 0.008 20

Oithona nana 0.005 10
Oithona plumifera 0.030 25
Oithona setigera 0.034 20
Oithona simplex 0.005 25

Corycaeidae Farranula carinata 0.019 50
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Farranula rostrata 0.018 50
Oncaeidae Oncaea bispinosa 0.016 20

Oncaea ivlevi 0.015 30
Oncaea scottodicarloi 0.029 50

Microsetella sp. Microsetella rosea 0.020 100

Carbon and nitrogen analysis 

C:N ratios of different taxa were determined using an elemental analyzer Flash2000 from 
Thermo Scientific. Between 30 and 60 organisms from eight copepod taxa (Clausocalanidae, 
Paracalanus spp., Calocalanus spp., Oithona spp., Acartia spp., Oncaeidae, Corycaeidae, and 
Mecynocera clausi) were sorted out from January night samples (reef and offshore) to test for 
between-site differences in C:N ratios across different taxa (Table 3). As a second analysis, 30 
copepods from the family Clausocalanidae (reef and offshore) were sorted out from different 
months to test for between-site differences in C:N ratios across seasons. 

Station Time Month Taxon No. organisms No. replicates
Reef Night Jan 03 Clausocalanidae 30 3
Reef Night Jan 03 Paracalanus spp. 30 1
Reef Night Jan 03 Calocalanus spp. 40 1
Reef Night Jan 03 Oithona spp. 60 1
Reef Night Jan 03 Acartia spp. 30 1
Reef Night Jan 03 Oncaeidae 40 1
Reef Night Jan 03 Corycaeidae 40 1
Reef Night Jan 03 Mecynocera clausi 30 1
Offshore Night Jan 03 Clausocalanidae 30 3
Offshore Night Jan 03 Paracalanus spp. 30 1
Offshore Night Jan 03 Calocalanus spp. 40 1
Offshore Night Jan 03 Oithona spp. 60 1
Offshore Night Jan 03 Acartia spp. 30 1
Offshore Night Jan 03 Oncaeidae 40 1
Offshore Night Jan 03 Corycaeidae 40 1
Offshore Night Jan 03 Mecynocera clausi 30 1
Reef Night Apr 02 Clausocalanidae 30 1
Reef Night Jun 02 Clausocalanidae 30 1
Reef Night Sep 02 Clausocalanidae 30 1
Reef Night Nov 02 Clausocalanidae 30 1
Reef Day Apr 03 Clausocalanidae 30 1
Reef Day Jun 03 Clausocalanidae 30 1
Offshore Night Apr 02 Clausocalanidae 30 1
Offshore Night Jun 02 Clausocalanidae 30 1
Offshore Night Sep 02 Clausocalanidae 30 1
Offshore Day Nov 02 Clausocalanidae 30 1
Offshore Day Apr 03 Clausocalanidae 30 1
Offshore Day Jun 03 Clausocalanidae 30 1

Table 3. Samples for carbon - nitrogen analyses (location, time, month, taxon, no. individuals, no. replicates).
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4. Data analysis 

Community analysis 

The software PRIMER 6 (Plymouth Routines In Multivariate Ecological Research) was used to 
check for seasonal, spatial, and diel patters of the mesozooplankton community in terms of 
abundances (absolute and relative) and biomass. Square root transformations were applied to 
abundance and biomass data and similarity matrices were built based on the Bray-Curtis index. 
The community analysis included the following steps: 

- Dendrogram and MDS (MultiDimensional Scaling) to visualize sample clustering of 
the mesozooplankton community and  the copepod community. 

- One-way ANOSIM (ANalysis Of SIMilarities) to test for significant differences 
between sampling months in the mesozooplankton community and the copepod 
community. Day and night samples were considered as replicates for each location 
and month.  

- Two-way nested ANOSIM to test for significant differences between locations 
(reef/offshore) and sampling times (day/night) in the mesozooplankton 
community and  the copepod community. 

- SIMPER (SIMilarity PERcentages) to check which main taxonomic groups 
contributed to seasonal, spatial, and diel differences in the mesozooplankton 
community and  the copepod community. 

- PCA (Principal Component Analyses) and RELATE to check for significant matches 
between environmental patterns and biological patterns. Similarity matrices of 
environmental data were built based on the euclidean distance. The analysis was 
carried out using two datasets: only offshore samples (environmental parameters: 
water temperature, chlorophyll a concentration from the previous month, NH3

concentration, NO3 concentration, NO2 concentration, and SiO2 concentration) and 
all samples (2 environmental parameters: water temperature and chlorophyll a
concentration from the previous month). Chlorophyll a concentration was taken 
from the previous month due to the time lag between phytoplankton and 
zooplankton annual cycles (Fernández-Álamo & Färber-Lorda 2006). Water salinity, 
pH, alkalinity, and PO4 concentration were not taken into account for the analysis 
because they remained fairly constant throughout the study period. 

- BIO-ENV to check for the environmental parameters that best explain biological 
patterns in the mesozooplankton community and copepod community. 

Paired t-tests were conducted in the statistical computing language R (R Development Core 
Team 2015) to check for significant spatial and diel differences in total abundance of 
mesozooplankton, total abundance of copepod community, and total biomass of copepod 
community. Normality of datasets was previously checked with Shapiro-Wilk test. 
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Spatial and diel patterns of dominant taxa 

Paired t-tests were conducted in the statistical computing language R (R Development Core 
Team 2015) to check for significant differences between locations (reef/offshore) and sampling 
times (day/night) in terms of abundance (N), biomass (B), richness (S), diversity (Shannon-
Wiener index, H’=- ), and dominance (Simpson index, D= ) of specific taxa:  

- Abundance (N): copepods (Clausocalanidae, Acartia spp., Clausocalanidae, 
Calocalanus spp., Mecynocera clausi, Paracalanus spp., Oithona spp., Corycaeidae, 
Oncaeidae), mollusc larvae, Malacostraca (Euphausiacea + Mysida + Decapoda), 
Appendicularia, and Chaetognatha. 

- Biomass (B): copepods (total). 

- Diversity (H’): copepod families. 

- Richness (S): copepod families.  

- Dominance (D): copepod families. 

Normality of datasets was previously checked with Shapiro-Wilk test. Wilcoxon tests were 
applied to datasets that did not meet normality conditions. 

Carbon and nitrogen analysis 

Paired t-tests were conducted in the statistical computing language R (R Development Core 
Team 2015) to check for significant differences between locations (reef vs. offshore) in C:N 
ratios of copepods (Clausocalanidae, Paracalanus spp., Calocalanus spp., Oithona spp., Acartia 
spp., Mecynocera clausi, Oncaeidae, Corycaeidae). In the same way, paired t-tests were 
conducted in the statistical computing language R (R Development Core Team 2015) to test for 
significant differences between seasons in C:N ratios of clausocalanoid copepods. Normality of 
datasets was previously checked with Shapiro-Wilk test. 
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Results 

A. Environmental parameters 

Water temperature and salinity 

Water temperature in the upper 25 m of the water column ranged between 21.4°C in February 
2002 and 26.5 °C in August 2003. Maximum and minimum temperatures were found in 
summer (August) and late winter (February-March), respectively (Fig. 3a). Salinity remained 
fairly constant through the whole study period within the range 40.2 – 40.6 PSU (Fig. 3b). 

Fig. 3. Water temperature (A) and salinity (B) in the upper 25 m of the water column (2002-2003).

Nutrient concentration 

Nutrient concentrations showed the same trend both years. Peaks of NO3 (0.07 – 0.61 µM), 
NO2 (0.01 – 0.54 µM), and NH3 (0.12 – 0.53 µM) were found in winter, the peaks in 2002 
occurring earlier than in 2003 (Fig. 4a). PO4 concentrations remained really low during 
throughout the sampling period (Fig. 4a). SiO2 showed the highest concentrations (1.02 – 1.64 
µM) with several peaks throughout the year (Fig. 4b).  

Fig. 4. Concentration of nutrients in the upper 25 m of the water column (2002-2003). A. NO3, NO2, NH3, PO4. B. SiO2

A B

A B
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Chlorophyll a concentration 

Chlorophyll a concentrations in the upper 25 m of the water column showed similar range but 
different timing in 2002 and 2003. In 2002 the range was 0.14 – 0.42 mg/L and the peak 
occurred in winter, while in 2003 the chlorophyll concentration ranged 0.14 – 0.46 mg/L and 
the peak occurred in spring. The chlorophyll minimums were found in August both years (Fig. 
5). 

Fig. 5. Chlorophyll a concentration in the upper 25 m of the water 
column (2002-2003). No data available for November.

B. Community patterns 

B1. Mesozooplankton 

Taxonomic composition of the mesozooplankton community

A total of 24 taxa belonging to 12 phyla could be identified (see Appendix I). Copepods 
dominated in all samples (71.0 – 93.0% of total abundance, av. 79.4%), followed by mollusc 
larvae (3.0 -21.0%, av. 9.6%), appendicularians (0.4 – 17.5%, av. 5.1%), and chaetognaths (0.5 - 
7.2%, 2.5%) (Fig. 6). Excluding copepods, the most common groups were gastropod larvae 
(10.3 – 54.9% of non-copepod taxa, av. 30.4%), appendicularians (1.9 – 62.5%, av. 25.0%), 
bivalve larvae (3.5 – 47.3%, av. 16.3%), chaetognaths (2.9 – 29.3%, av. 12.1%), malacostraca 
(0.4 – 11.3%, av. 3.2%), echinoderm larvae (0 – 14%, 2.2%), thaliacea (0 – 11.2%, av. 2.0%), 
cladocerans (0 – 45.7%, av. 1.5%), and cnidarians (0 – 7.3%, av. 1.4%) (Fig. 7). Interestingly, 
echinoderm larvae were relevant only in June at all stations. Cladocerans remained fairly low 
in all samples except at the reef in June 2003, when they accounted for 45.7% of the non-
copepod taxa (Fig. 7).  

Abundance of the mesozooplankton community 

Mesozooplankton abundance in the upper 25 m of the water column showed more variability 
at the reef than at the offshore station (Fig. 8). The abundance above the reef ranged from 74 
to 2193 ind/m3 during the day and from 1072 to 2357 ind/m3 during night time. At the 
offshore station the abundance range was from 303 to 2155 ind/m3 at daytime and from 768 
to 1854 ind/m3 at night. In general, two zooplankton peaks were found throughout the year: a 
main peak in winter/spring and a weaker peak in autumn, while the lowest abundances were 
found in summer (Fig. 8). The highest abundance (2357 ind/m3) was found at the reef station 
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in January 2003 at night and the lowest abundance (74 ind/m3) was found above the reef in 
April 2003 during daytime (Fig. 8). Looking at specific groups, different taxa showed different 
annual cycles: copepods showed the same trend as the whole mesozooplankton community, 
gastropods had a peak in autumn, bivalves had a peak in winter, appendicularians had one 
peak in spring and one peak in late-summer/autumn, and chaetognaths showed one peak in 
late spring and one peak in winter.   

Fig. 6. Mesozooplankton composition (0-25 m of the water column) throughout the sampling period (April 2002 – June 
2003). A. Reef-Day (no data available for November). B. Reef-Night. C. Offshore-Day. D. Offshore-Night. 

Fig. 7. Mesozooplankton composition excluding copepods (0-25 m of the water column) throughout the sampling period
(April 2002 – June 2003). A. Reef-Day (no data available for November). B. Reef-Night. C. Offshore-Day. D. Offshore-
Night.
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Fig.8. Mesozooplankton abundances (0-25 m of the water column) throughout the sampling period (April 2002 – June 
2003). A. Reef-Day (no data available for November). B. Reef-Night. C. Offshore-Day. D. Offshore-Night.

Cluster analysis of mesozooplankton samples 

Regarding absolute abundances within the mesozooplankton community, the cluster analysis 
(Dendrogram and MDS) showed that the Reef-Day sample from April 2003 was the most 
dissimilar to all other samples due to its unusually low abundances (total 74 ind/m3) (Fig. 9). 
Three main clusters could be distinguished: “cluster A” consisting of low-abundance samples 
(<600 ind/m3), “cluster B” consisting of intermediate-abundance samples (750-1300 ind/m3), 
and “cluster C” consisting of high-abundance samples (>1500 ind/m3) (Fig. 9). 

Regarding relative abundances within the mesozooplankton community, the cluster analysis 
(MDS) showed that the Reef-Day sample from June 2003 was the most dissimilar to all other 
samples due to the unusually high proportion of cladocerans (45.5% of non-copepod taxa) (Fig. 
10). Four main clusters could be distinguished: “cluster a” defined by high proportions of 
copepods >88% of mesozooplankton), “cluster b” defined by high proportions of mollusc 
larvae (>62% of non-copepods), “cluster c” defined by high proportions of appendicularians 
(>27% of non-copepods), and “cluster d” defined by high proportions of chaetognaths (>16% 
of non-copepods) (Fig. 10). 
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Fig. 9. Cluster analysis (Above: Dendrogram; Below: MDS) according to absolute abundances within the 
mesozooplankton community (Bray-Curtis index). Cluster A: low-abundance samples (<600 ind/m3); cluster B:
intermediate-abundance samples (750-1300 ind/m3); cluster C: high-abundance samples (>1500 ind/m3). 

Fig. 10. Cluster analysis (MDS) according to relative abundances within the mesozooplankton community
(Bray-Curtis index). Cluster a: relatively high proportion of copepods (>88% of mesozooplankton); cluster b: 
relatively high proportion of mollusc larvae (>62% of non-copepods); cluster c: relatively high proportions of 
appendicularians (>27% of non-copepods); cluster d: relatively high proportion of chaetognaths (>16% of 
non-copepods).
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Seasonal patterns of the mesozooplankton community

At the reef, there were not significant differences between months regarding absolute 
abundances (ANOSIM, R=0.271, p>0.05) but there were significant differences regarding 
relative abundances (ANOSIM, R=0.917, p<0.05) within the mesozooplankton community. 
According to absolute abundances, the main groups that contributed to seasonal dissimilarities 
were copepods (av. 27%), appendicularians (av. 11%), and bivalve larvae (av. 11%). According 
to relative abundances, the main groups that contributed to seasonal dissimilarities were 
appendicularians (av. 14%) and echinoderm larvae (av. 10%). 

At the offshore station, there were significant differences between months regarding absolute 
abundances (ANOSIM, R=0.81, p<0.01) and relative abundances (ANOSIM, R=0.75, p<0.01) 
within the mesozooplankton community. According to absolute abundances, the main groups 
that contributed to seasonal dissimilarities were copepods (av. 20%), gastropod larvae (av. 
15%), bivalve larvae (av. 14%), and appendicularians (av. 11%). According to relative 
abundances, the main groups that contributed to seasonal dissimilarities were gastropod 
larvae (av. 15%), bivalve larvae (av. 13%), and appendicularians (12%). 

Spatial patterns of the mesozooplankton community 

There were not significant differences between locations regarding total abundance of 
mesozooplankton across different months (paired t-test, t=0.741, p<0.05). 

There were not significant differences between locations regarding absolute abundances 
(ANOSIM, p>0.05) and relative abundances (ANOSIM, p>0.05) within the mesozooplankton 
community. However, the main taxa that contributed to spatial differences were different 
regarding absolute abundances or relative abundances. According to absolute abundances, the 
main taxa that contributed to spatial dissimilarities were copepods (44%) at daytime, and 
copepods (24%) and appendicularians (13%) at night. According to relative abundances, the 
main taxa that contributed to spatial dissimilarities were bivalve larvae (14%) and gastropod 
larvae (13%) at daytime, and chaetognaths (12%) and bivalve larvae (10%) at night. 

Diel patterns of the mesozooplankton community 

There were not significant differences between day and night samples regarding total 
abundance of mesozooplankton across different months (paired t-test, t=0.388, p>0.05). 

There were not significant differences between sampling times regarding absolute abundances 
(ANOSIM, p>0.05) and relative abundances (ANOSIM, p>0.05) within the mesozooplankton 
community. However, the main taxa that contributed to diel differences were different 
regarding absolute abundances or relative abundances. According to absolute abundances, the 
main taxa that contributed to diel dissimilarities were copepods (27%) and appendicularians 
(14%) at the reef, and copepods (17%), gastropod larvae (12%), and appendicularians (11%) at 
the offshore station. Regarding relative abundances, the main taxa that contributed to diel 
dissimilarities were gastropod larvae (11%) at the reef, and appendicularians (14%), gastropod 
larvae (11%), and ichthyoplankton (11%) at the offshore station. 
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Relation between environmental and biological patterns (mesozooplankton 
community) 

Offshore samples (water temperature, chlorophyll a concentration from the previous month, 
NH3 concentration, NO3 concentration, NO2 concentration, SiO2 concentration): there was not 
a significant match between biological and environmental patterns (RELATE, ρ=0.227, p>0.05). 
The environmental parameter that offered the best match between biological and 
environmental data was SiO2 concentration (BIO-ENV, ρ=0.654, p<0.01).  

All samples (water temperature, chlorophyll a concentration from the previous month): there 
was not a significant match between biological and environmental patterns (RELATE, ρ=0.04, 
p>0.05). 

B2. Copepods 

Taxonomic composition of the copepod community 

A total of 36 taxa belonging to 5 orders and 22 families of copepods were identified (see 
Appendix II). Numerically, the most dominant order was Calanoida (24 – 85.3%, av. 62.4%), 
followed by Cyclopoida (7.3 – 68.5%, av. 25.0%), Poecilostomatoida (4.4 – 24.0%, av. 12.3%), 
Harpacticoida (0.0 – 3.2%, av. 0.2%), and Siphonostomatoida (< 0.1%). The order Calanoida 
comprised the highest number of families (13 families), Clausocalanidae and Paracalanidae 
being the best represented (av. 44.3% and 41.4% of Calanoida, respectively). The order 
Cyclopoida was formed only by Oithona spp. Poecilostomatoida was clearly dominated by the 
two families Corycaeidae and Oncaeidae (av. 54.2% and 44.5% of Poecilostomatoida, 
respectively). Six of the copepod families accounted for more than 95% of all copepods: 
Clausocalanidae (11.1 – 52.4%, av. 27.7%), Paracalanidae (4.2 – 37.0 %, av. 25.8%), Oithonidae 
(7.3 – 68.5%, av. 25.0%), Corycaeidae (1.7 – 16.8%, av. 6.7%), Acartiidae (1.7 – 13.3%, av. 
6.5%), and Oncaeidae (0.9 – 12.5%, av. 5.5%) (Fig. 11). The part accounted as “unidentified 
copepods” (mostly incomplete specimens) represented less than 2% in all samples.  

The main copepod taxa that contributed to biomass were Clausocalanidae (18.0 – 64.8%, av. 
38.2%), Oithona spp. (3.5 – 51.5%, av. 14.7%), Paracalanus spp. (1.3 – 20.6%, av. 9.1%), 
Calanidae (2.1 – 20.2%, av. 7.6%), Calocalanus spp. (1.3 – 15.9%, av. 7.5%), and Acartia spp. 
(1.7 – 14.7%, av. 7.0%) (Fig. 12). 

Abundance and biomass of the copepod community 

Copepod abundance in the upper 25 m of the water column showed more variability above 
the reef than at the offshore station (Fig. 8). The abundance above the reef ranged from 56 to 
1796 ind/m3 during the day and from 769 to 1814 ind/m3 during night time. At the offshore 
station the abundance range was from 269 to 1841 ind/m3 at daytime and from 579 to 1503 
ind/m3 at night. In general, the annual cycle of the copepod community showed the same 
trend as the whole mesozooplankton community: a main peak in winter/spring, a weaker peak 
in autumn, and lowest abundances in summer (Fig. 8). The highest abundance (1841 ind/m3) 
was found at the offshore station in April 2002 at daytime and the lowest abundance (56 
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ind/m3) was found at the reef in April 2003 during daytime. Looking at specific groups, 
different families showed different annual trends: Clausocalanidae and Paracalanidae showed 
the same trend as the whole copepod community (although the little peak in Clausocalanidae 
occurred earlier than in Paracalanidae), Oithonidae had a main peak in autumn and a little 
peak in late-spring, Oncaeidae showed its maximum abundance in winter, and Corycaeidae 
had its maximum peak in autumn.  

Fig. 11. Taxonomic composition of the copepod community (0-25 m of the water column) according to abundances 
throughout the sampling period (April 2002 – June 2003). Calanoids are represented in blue, cyclopoids are represented 
in red, and poecilostomatoids are represented in green. A. Reef-Day (no data available for November). B. Reef-Night. C. 
Offshore-Day. D. Offshore-Night.

Fig. 12. Taxonomic composition of the copepod community (0-25 m of the water column) according to biomass values 
throughout the sampling period (April 2002 – June 2003). A. Reef-Day (no data available for November). B. Reef-Night. C. 
Offshore-Day. D. Offshore-Night.
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The copepod biomass above the reef ranged from 1.6 to 61.2 mg/m3 during the day and from 
21.3 to 55.1 mg/m3 during night time. At the offshore station the biomass range was from 8.1 
to 71.4 mg/m3 at daytime and from 16.5 to 50.3 mg/m3 at night. Copepod biomass followed 
the same general seasonal trends as copepod abundance (Fig. 13). The highest biomass (71.4 
mg/m3) was found at the offshore station in April 2002 at daytime and the lowest biomass (1.6 
mg/m3) was found at the reef in April 2003 during daytime. 

Fig. 13. Copepod biomass (wet weight) in the upper 25 m of the water column throughout the sampling period (April 
2002 – June 2003). A. Reef-Day (no data available for November). B. Reef-Night. C. Offshore-Day. D. Offshore-Night.

Cluster analysis of copepod samples 

Regarding absolute abundances within the copepod community, the cluster analysis 
(Dendrogram and MDS) showed that the Reef-Day sample from April 2003 was the most 
dissimilar to all other samples due to the unusually low abundances (total 56 ind/m3) (Fig. 14). 
Similarly to the mesozooplankton community, three main clusters could be distinguished: 
“cluster A” consisting of low-abundance samples (<500 ind/m3), “cluster B” consisting of 
intermediate-abundance samples (550-850 ind/m3), and “cluster C” consisting of high-
abundance samples (>850 ind/m3) (Fig. 14). Dendrogram and MDS showed the same patterns 
when absolute biomass of different taxa was considered. 

Regarding relative abundances within the copepod community, the cluster analysis (MDS) 
showed that the samples from June 2003 at the reef and at the offshore station were the most 
dissimilar to all other samples due to the unusually high proportion of Oithona spp. (68.5%) 
and the unusually low proportion of Paracalanus spp. (2%), respectively (Fig. 15). Five main 
clusters could be distinguished: “cluster a” characterized by relatively low proportions of 
clausocalanids (<20%), “cluster b” characterized by relatively high proportions of corycaeids 
(>9%), “cluster c” characterized by relatively high proportions of oncaeids (>9%), “cluster d” 
characterized by relatively low proportions of “Mecynocera clausi” (<0.2%), and “cluster e” 
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characterized by relatively low proportions of Calocalanus spp. (<2.5%) (Fig. 15). Dendrogram 
and MDS showed the same patterns when relative biomass of different taxa was considered. 

Fig. 14. Cluster analysis (Above: Dendrogram; Below: MDS) according to absolute abundances within the copepod 
community (Bray-Curtis index). Cluster A: low-abundance samples (<500 ind/m3); cluster B: intermediate-
abundance samples (550-850 ind/m3); cluster C: high-abundance samples (>850 ind/m3). 

Fig. 15. Cluster analysis (MDS) according to relative abundances within the mesozooplankton community (Bray-
Curtis index). Cluster a: low proportions of clausocalanids (<20%); cluster b: high proportions of corycaeids (>9%); 
cluster c: high proportions of oncaeids (>9%); cluster d: low proportions of Mecynocera clausi (<0.2%); cluster e: 
low proportions of Calocalanus spp. (<2.5%).
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Seasonal patterns of the copepod community 

At the reef, there were significant differences between months regarding absolute abundances 
(ANOSIM, R=0.646, p<0.05), relative abundances (ANOSIM, R=1, p<0.05), and biomass of 
different taxa (ANOSIM, R=0.667, p<0.05) within the copepod community. According to 
absolute abundances, the main taxa that contributed to seasonal dissimilarities were 
Clausocalanidae (av. 17%), Paracalanus spp. (av. 12%), and Oncaeidae (av. 11%). According to 
relative abundances, the main taxa that contributed to seasonal dissimilarities were Oithona 
spp. (av. 13%) and Corycaeidae (av. 10%). According to biomass, the main taxa that 
contributed to seasonal dissimilarities were Clausocalanidae (av. 21%), Calanidae (av. 12%), 
and Paracalanus spp. (av. 11%). 

At the offshore station, there were significant differences between months regarding absolute 
abundances (ANOSIM, R=0.97, p<0.01), relative abundances (ANOSIM, R=1, p<0.01), and 
biomass of different taxa (ANOSIM, R=0.94, p<0.01) within the copepod community. According 
to absolute abundances, the main taxa that contributed to seasonal dissimilarities were 
Clausocalanidae (av. 18%) and Paracalanus spp. (10%). According to relative abundances, the 
main taxa that contributed to seasonal dissimilarities were Clausocalanidae (av. 14%) and 
Oithona spp. (av. 12%). According to biomass, the main taxa that contributed to seasonal 
differences were Clausocalanidae (av. 22%) and Candacia spp. (av. 13%). 

Spatial patterns of the copepod community 

There were not significant differences between locations regarding total abundance of 
copepod community (paired t-test, t=0.742, p>0.05) and total biomass of copepod community 
(paired t-test, t=0.967, p>0.05) across different months. 

There were not significant differences between locations regarding absolute abundances 
(ANOSIM, p>0.05), relative abundances (ANOSIM, p>0.05) and biomass of different taxa 
(ANOSIM, p>0.05) within the copepod community. However, the main taxa that contributed to 
spatial differences were different regarding absolute abundances, relative abundances, or 
biomass. According to absolute abundances, the main taxa that contributed to spatial 
dissimilarities were Clausocalanidae (21%), Oithona spp. (16%), and Paracalanus spp. (12%) at 
daytime, and Clausocalanidae (15%), Acartia spp. (13%), and Oithona spp. (11%) at night. 
According to relative abundances, the main taxa that contributed to spatial dissimilarities were 
Clausocalanidae (17%) and Oithona spp. (11%) at daytime, and Acartia spp. (12%) at night. 
According to biomass, the main taxa that contributed to spatial dissimilarities were 
Clausocalanidae (26%), Oithona spp. (13%), and Candacia spp. (11%) at daytime, and 
Clausocalanidae (18%), Acartia spp. (13%), Candacia spp. (13%), and Calanidae (10%) at night. 

Diel patterns of the copepod community

There were not significant differences between day and night samples regarding total 
abundance of copepod community (paired t-test, t=0.382, p>0.05) and total biomass of 
copepod community (paired t-test, t=0.358, p>0.05) across different months. 

There were not significant differences between sampling times regarding absolute abundances 
(ANOSIM, p>0.05), relative abundances (ANOSIM, p>0.05) and biomass of different taxa 



25 

(ANOSIM, p>0.05) within the copepod community. However, the main taxa that contributed to 
diel differences were different regarding absolute abundances, relative abundances, or 
biomass. According to absolute abundances, the main taxa that contributed to diel 
dissimilarities were Clausocalanidae (27%), Acartia spp. (12%), and Paracalanus spp. (11%) at 
the reef; and Clausocalanidae (14%), Acartia spp. (11%), and Calocalanus spp. (11%) at the 
offshore station. According to relative abundances, the main taxa that contributed to diel 
dissimilarities were Clausocalanidae (19%), Oithona spp. (15%), and Calocalanus spp. (12%) at 
the reef; and Acartia spp. (11%) at the offshore station. According to biomass, the main taxa 
that contributed to diel dissimilarities were Clausocalanidae (34%) and Acartia spp. (14%) at 
the reef; and Clausocalanidae (17%), Acartia spp. (12%), Candacia spp. (11%), and Calocalanus 
spp. (11%) at the offshore station. 

Relation between environmental and biological patterns (copepod community) 

Offshore samples (water temperature, chlorophyll a concentration from the previous month, 
NH3 concentration, NO3 concentration, NO2 concentration, SiO2 concentration): there was not 
a significant match between biological and environmental patterns (RELATE, ρ=0.161, p>0.05). 
The environmental parameter that offered the best match between biological and 
environmental data was SiO2 concentration (BIO-ENV, ρ=0.596, p<0.01).    

All samples (water temperature, chlorophyll a concentration from the previous month): there 
was a significant match between biological and environmental patterns (RELATE, ρ=0.149, 
p<0.05). The environmental parameter that offered the best match between biological and 
environmental data was chlorophyll a concentration from the previous month (BIO-ENV, 
ρ=0.216, p<0.05). 

C. Spatial and diel patterns of dominant taxa 

The only parameters that showed significant differences between locations (reef/offshore) 
and/or sampling times (day/night) were abundance of Chaetognatha, abundance of 
Malacostraca (Euphausiacea + Mysida + Decapoda), and richness of copepod families (Table 4). 
Chaetognatha abundance was significantly higher at the offshore station (paired t-test, 
t=3.187, p<0.01) and at night (paired t-test, t=2.436, p<0.05); Malacostraca abundance was 
significantly higher at night (paired t-test, t=2.991, p<0.05); and richness of copepod families 
was significantly higher at the offshore station (paired t-test, t=3.389, p<0.01) (Fig. 16).  

Table 4. Results from paired t-tests to check for spatial and diel differences in specific taxa. n. s.= not significant; 
R=reef; O= Offshore; D=Day; N=Night. (*)Wilcoxon test.

Parameter Taxon Differences Reef/Offshore Differences Day/Night
t Stat p-value outcome t Stat p-value outcome

Abundance (N) Mollusc larvae n. s. n. s.
Copepoda n. s. n. s.
Acartia spp. n. s. n. s.
Clausocalanidae n. s. n. s.
Calocalanus spp. n. s. n. s.
Mecynocera clausi n. s. n. s.(*)
Paracalanus spp. n. s. n. s.
Oithona spp. n. s. n. s.
Oncaeidae n. s. n. s.
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Corycaeidae n. s. n. s.
Malacostraca n. s. 2.991 <0.05 D < N
Appendicularia n. s. n. s.(*)
Chaetognatha 3.187 <0.01 R < O 2.436 <0.05 D < N

Biomass (B) Copepoda n. s. n. s.
Diversity (H’) Copepod families n. s.(*) n. s.(*)
Richness (S) Copepod families 3.389 <0.01 R < O n. s.
Dominance (D) Copepod families n. s.(*) n. s.

Fig. 16. Abundance of Chaetognatha (top left), abundance of Malacostraca (Euphausiacea + Mysida + Decapoda; 
top right), and richness of copepod families (bottom) in the upper 25 m of the water column throughout the 
study period (April 2002 – June 2003). No data available for November at Reef-Day.

D. Carbon and nitrogen analyses 

C:N ratios in copepods (Clausocalanidae, Paracalanus spp., Calocalanus spp., Oithona spp., 
Acartia spp., Mecynocera clausi¸ Oncaeidae, Corycaeidae) ranged from 3.4 to 4.1 and were 
significantly higher at the reef than at the offshore station (paired t-test, t=2.418, p<0.05) (Fig. 
17). In the family Clausocalanidae, C:N ratios fluctuated from 3.5 to 4.0 throughout the 
sampling period and were significantly higher at the reef than at the offshore station (paired t-
test, t=3.904, p<0.05) (Fig. 17). 

Fig. 17. Left. C:N ratios of different copepod taxa (N=30-60). Right. C:N ratios of Clausocalanidae (N=30) throughout the sampling 
period (April 2002 – June 2003).

0

20

40

60

80

100

Apr02 Jun02 Sep02Nov02 Jan03 Apr03 Jun03

Ab
un

da
nc

e 
(in

d/
m

3 )

0

5

10

15

20

25

Apr02 Jun02 Sep02 Nov02 Jan03 Apr03 Jun03

Ab
un

da
nc

e 
(in

d/
m

3 )

Reef-Day

Reef-Night

Offshore-Day

Offshore-Night

0

5

10

15

20

Apr02 Jun02 Sep02Nov02 Jan03 Apr03 Jun03

Fa
m

ily
 ri

ch
ne

ss
 (S

)

Reef Day

Reef Night

Offshore Day

Offshore Night



27 

Discussion 

1. Mesozooplankton composition 

Comparison to previous studies in the Gulf of Aqaba and the Red Sea 

Copepods were dominant in all samples showing a range of 71-93% (average 79.4%) of the 
total mesozooplankton abundance. Similar percentages were found in the Gulf of Aqaba and 
other parts of the Red Sea (Schneider & Rolke 1994, Khalil & Abd El-Rahman 1997, Cornils et 
al. 2007b, Dorgham et al. 2012; Table 5). In accordance to previous studies, the epipelagic 
copepod community in the Gulf of Aqaba was clearly dominated by small-sized calanoids, 
followed by cyclopoids and poecilostomatoids (Weikert 1994, El-Serehy & Abdel-Rahman 
2004, Cornils et al. 2005, Cornils et al. 2007b, Böttger-Schnack et al. 2008, Dorgham et al.
2012, Kürten et al. 2014b). Whether cyclopoids (Oithona spp.) outnumber poecilostomatoids 
(mostly Oncaeidae and Corycaeidae) has been debatable. Some studies found that in the 
epipelagic zone cyclopoids show higher densities than poecilostomatoids (Weikert 1994, 
Cornils et al. 2007b, present study), while in other cases poecilostomatoids constituted the 
second copepod force (El-Serehy & Abdel-Rahman 2004, Cornils et al. 2005). Large mesh sizes 
(>100 µm) lead to underestimate the abundances of these two families that mainly consist of 
small copepod species (Turner 2004). When net meshes below 100 µm were used, it was 
conclusive that poecilostomatoids are more dominant than cyclopoids in the epipelagic 
copepod community of the Gulf of Aqaba (El-Serehy & Abdel-Rahman 2004, Böttger-Schnack 
et al. 2008).  

The present study supports the previous findings that the predominant copepod families in the 
Gulf of Aqaba and the Red Sea are Clausocalanidae (Clausocalanus spp. and Ctenocalanus 
vanus), Paracalanidae (mainly Paracalanus spp. and Calocalanus spp.), Oithonidae (Oithona 
spp.), Oncaeidae, and Corycaeidae (Weikert 1994, Cornils et al. 2007b, Dorgham et al. 2012, 
Kürten et al. 2014b). Calanoid families such as Metridinidae (i.e. Pleuromamma indica), 
Lucicutidae (Lucicutia sp.), and Scolecitrichidae (Macandrewella sp., Scolecithrix sp.) were of 
minor importance in the present study probably because they are more typically found in 
deeper layers (>200 m) (Weikert 1994, Smith 1995, Padmavati et al. 1998, Madhupratap et al.
2001). 

After copepods, the most abundance groups were mollusc larvae (3-21%), appendicularians 
(0.4-17.5%), and chaetognaths (0.5-7.2%). These three groups have been previously reported 
as the most important non-copepod taxa in the epipelagic zone of the Gulf of Aqaba and the 
Red Sea (Schneider & Rolke 1994, Khalil & Abd El-Rahman 1997, Cornils et al. 2005, Cornils et 
al. 2007b, Dorgham et al. 2012). However, the proportions of these three groups vary among 
studies, probably due to the use of different net mesh sizes: the smaller the mesh size, the 
higher the proportion of mollusc larvae and the lower the proportion of chaetognaths (Table 
5). The contribution of appendicularians was higher than previous records (Table 5). 
Populations of appendicularians can experience substantial temporal increases that contribute 
to a large interannual variability (Lavaniegos & Ohman 2007, Baird et al. 2011, Intxausti et al.



28 

2012). Interestingly, no appendicularians were found in September 2011 when surface 
horizontal tows were conducted above the reef in the Gulf of Aqaba (Kürten et al. 2014b), 
while in the present study appendicularians accounted for ≈20% of the non-copepod taxa in 
September 2002. To prevent overestimation in the present study, only bodies of broken 
specimens were counted. However, fragments belonging to the same individual could have 
been counted as two different individuals leading to little overestimations.  

Comparison to previous studies in other seas 

The relative abundance of copepods (71-93%) was similar to the values found in other tropical 
and subtropical waters such as the Arabian Sea (Padmavati et al. 1998), the Ionian Sea (Ramfos 
et al. 2006), the Caribbean Sea (Moore & Sander 1976), the Southeastern Atlantic (Neumann-
Leitao et al. 2008), the Mozambique Channel (Huggett 2014), or the French Polynesia 
(Alldredge & King 2009). However, it was higher than in some tropical areas such as the 
equatorial Pacific (Le Borgne et al. 2003, Fernández-Álamo & Färber-Lorda 2006), the Great 
Barrier Reef (Sale et al. 1978), or Indonesia (Cornils et al. 2010), perhaps because of the little 
connection of the Gulf of Aqaba to other water masses or the low tolerance of some 
zooplankton taxa to high salinities prevailing in the gulf (Nielsen et al. 2008). On the other 
hand, the proportion of copepods was lower than those found in oceanic Atlantic areas 
(Huskin et al. 2001, Champalbert et al. 2005) or subpolar waters (Ward & Shreeve 1999). 
Within the copepod community, small-sized calanoids were the most dominant, especially the 
genera Clausocalanus and Paracalanus. The families Clausocalanidae and Paracalanidae also 
constitute two important families in other tropical/subtropical waters such as the Arabian Sea 
(Padmavati et al. 1998, Madhupratap et al. 2001, Smith & Madhupratap 2005), or the 
Caribbean Sea (Moore & Sander 1976). Oithona spp. was the third most dominant taxon in the 
present study. The genus Oithona has been postulated as the most ubiquitous and abundant 
marine copepod worldwide (Gallienne & Robins 2001), being especially important in areas 
such as the eastern part of the Mediterranean Sea (Ramfos et al. 2006, Miloslavic et al. 2014) 

Study
Echelman &

Fishelson 1990
Present study Cornils et al. 2007b Dorgham et al. 2012

Khalil & Abd 

El-Rahman 1997

Net mesh size 500 µm 200 µm 200 µm 100 µm 55 µm

Depth 1 m 0-25 m 0-100 m 0 - 100 m 1 m

Location (N/S) North North North South South

Location (C/O) Coastal + Offshore Coastal + Offshore Offshore Offshore Coastal

Period
Nov 1986 –

May 1988

Apr 2002 –

Jun 2003

Feb 2002 –

Dec 2003

Mar 1995 –

Mar 1996 

Jul 1994 –

May 1995

Time (D/N) Day + Night Day + Night
Day (few night 

samples)
Day Day

Abundance range (ind/m3) 33 – 317 74 - 2193 237 - 3065 1124 - 4952 1484 - 4138

Maximum peak Winter Winter / Spring Spring / Summer Spring / Summer Winter

Copepods (%) 22.1 79.4 79.8 86.5 77.0

Mollusc larvae (%) 4.3
Gastr.: 6.3

Biv.: 3.3

Gastr.: 4.9

Biv.: 3.1 
7.6 20.1

Appendicularians (%) 5.8 5.1 2.5 2.4 1.7

Chaetognaths (%) 11.2 2.5 2.4 1.6 <1

Table 5. Comparative table showing sampling methodology and mesozooplankton data from the present study 
and previous studies in the Gulf of Aqaba (Red Sea). Gastr.: gastropods. Biv.: bivalves.
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or the Canada Basin (Hopcroft et al. 2005). The poecilostomatoid families Oncaeidae and 
Corycaeidae constitute the fourth and fifth most important families within the copepod 
community. These two families usually do not dominate within the epipelagic zone, but it has 
been documented that they could be among the three best represented families in some 
tropical/subtropical areas i.e. some parts of the Atlantic Ocean (Huskin et al. 2001, 
Champalbert et al. 2005, Eskinazi-Sant’Anna & Björnberg 2006). 

Mollusc larvae, appendicularians, and chaetognaths are the three best represented groups 
among the non-copepod taxa not only in the Gulf of Aqaba but also in other regions like the 
Eastern Mediterranean Sea (Ramfos et al. 2006, Miloslavic et al. 2014), or the tropical 
Southwestern Atlantic (Neumann-Leitao et al. 2008). However, some mesozooplankton taxa 
that are of minor importance in the Gulf of Aqaba play a larger role in other areas, i. e. 
ostracods in the Arabian Sea (Padmavati et al. 1998, Madhupratap et al. 2001, Smith & 
Madhupratap 2005), euphausiids in the tropical Pacific (Le Borgne et al. 2003), or cladocerans 
in the subtropical coastal waters of Brazil (Eskinazi-Sant’Anna & Björnberg 2006). Ostracods 
constitute the second most dominant zooplankton group in some oceanic regions 
(Madhupratap et al. 2001), but the little connection between the Gulf to Aqaba and oceanic 
waters could explain the minor role of ostracods in the Gulf. Cladocerans were not numerically 
relevant in most samples either. However, they contributed to 46% of the non-copepod taxa in 
June 2003 which indicates the ability of this group to show temporal explosive population 
growths during the warmer months (Atienza et al. 2007). 

2. Mesozooplankton abundance and biomass 

Comparing to previous studies in the Gulf of Aqaba, the mesozooplankton abundances 
recorded here were similar to those found in February 2002 – December 2003 (Cornils et al. 
2007), significantly higher than those found in November 1986 – May 1988 (Echelman & 
Fishelson 1990), and significantly lower than those found in July 1994 – March 1996 (Khalil & 
Abd El-Rahman 1997, Dorgham et al. 2012). Differences between years in terms of 
zooplankton abundances can be influenced by different densities of planktivorous predators 
(Kingsford & MacDiarmid, 1988, Hammer et al. 1988, Motro et al. 2005), and the high 
interannual variability of length, intensity, and timing of phytoplankton blooms found at the 
Gulf of Aqaba (Labiosa et al. 2003). However, it seems plausible that differences between 
studies mainly rely on the use of different net mesh sizes: the larger the mesh size, the lower 
the mesozooplankton abundances (Paffenhöfer & Mazzocchi 2003, Tuner 2004, Miloslevic et 
al. 2014; Table 5). The influence of the net mesh size is especially important in the Gulf of 
Aqaba due to the high presence of small-sized copepods, mainly early life stages (Vaissiére & 
Seguin 1984, Cornils et al. 2007b, Böttger-Schnack et al. 2008, Dorgham et al. 2012). The 
unusually low abundance (74 ind/m3) found at the reef-day in April 2003 suggests that there 
was some kind of sampling failure, but it could also be related to temporal high predation 
pressure by planktivorous fish (Kingsford & MacDiarmid, 1988, Hammer et al. 1988, Motro et 
al. 2005). Although the mesozooplankton composition in the Gulf of Aqaba is typical for 
tropical or subtropical waters, the mesozooplankton abundances recorded here were much 
lower than in other such regions (Eskinazi-Sant’Anna & Björnberg 2006, Cornils et al. 2010), 
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perhaps due to the constant oligotrophic conditions, the limited connection to other water 
masses, or the absence of specific taxa that cannot deal with high salinities typically found at 
the Gulf (Nielsen et al. 2008). 

Biomass ranges in the present study are not potentially comparable to those found in other 
studies because biomass was estimated under the assumption that all specimens are adult 
females, even though a substantial fraction of the zooplankton community in the Gulf of 
Aqaba consists of copepod nauplii and small life stages (Vaissiére & Seguin 1984, Cornils et al.
2007b, Böttger-Schnack et al. 2008, Dorgham et al. 2012). However, it seems conclusive that 
some families containing larger copepod species such as Calanidae and Candaciidae were not 
important numerically but significantly contributed to copepod biomass. Similarly, in the 
Canada Basin the mesozooplankton community in the upper 100 m is numerically dominated 
by small copepods (i. e., Oithona similis, Oncaea borealis), but larger copepods belonging to 
the family Calanidae (i. e., Calanus hyperboreus, C. glacialis) are the most important 
contributors to biomass (Hopcroft et al. 2005).  

3. Seasonal patterns 

Unlike tropical waters, which are characterized by weak seasonality of zooplankton abundance 
(Fernández-Álamo & Färber-Lorda 2006), the two-peak annual cycle recorded here is typical 
for temperature waters (Fernández-Álamo & Färber-Lorda 2006). A main mesozooplankton 
peak in winter/spring and a weaker peak in autumn were identified throughout the sampling 
period. However, no zooplankton peak was observed in spring 2003, probably because the 
chlorophyll a maximum was reached later in 2003 (April) than in 2002 (January-February). 
Winter and spring zooplankton peaks have been recorded in the Gulf of Aqaba previously 
(Echelman & Fishelson 1990, Khalil & Abd El-Rahman 1997, Cornils et al. 2007b, Dorgham et al.
2012; Table 5). Such seasonal trends are also seen in other tropical/subtropical regions, i. e. 
waters off Peru, Costa Rica, or coastal waters in Brazil (Eskinazi-Sant’Anna & Björnberg 2006, 
Fernández-Álamo & Färber-Lorda 2006).  

The seasonal shift in species composition of the mesozooplankton community found in the 
present study, especially within the copepod community, has been previously reported in the 
Gulf of Aqaba (Cornils et al. 2007b). Seasonal shifts in taxonomic composition are also patent 
in the phytoplankton community (Kimor & Golandsky 1977, Lindell & Post 1995, Al-Najjar et al. 
2007). This fact, together with the different water stratification conditions throughout the year 
(thermohaline convection in winter, strong stratification in summer), seem to exert a great 
influence on seasonal patterns of the structure and composition of the zooplankton 
community (Cornils et al. 2007b).  

4. Spatial patterns: Reef vs. Offshore communities 

In the present study, the reef zooplankton community was not significantly distinct from the 
offshore community. Certain affinities between reef and offshore zooplankton communities 
were previously observed in the Gulf of Aqaba due to the proximity between the pelagic fauna 
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and the reef (Vaissière & Seguin 1984, Echelman & Fishelson 1990). In the Gulf of Aqaba there 
is a constant exchange flow of water between coastal and offshore areas (Manasreh 2002, 
Monismith et al. 2006). This fact, together with the comparable amounts of echinoderm larvae 
at both stations (echinoderm larvae are predicted to be relatively more abundant at coastal 
waters according to Cornils et al. 2010), suggests that there is a great water exchange between 
the reef and the offshore stations. No significant differences between reef and offshore 
mesozooplankton communities were found either in the central Red Sea and the Arabian Sea, 
respectively (Weikert 1994, Padmavati et al. 1998). However, a decreasing gradient in 
zooplankton biomass was noticed from coastal sites to offshore sites in the Arabian Sea 
(Stelfox et al. 1999), as well as higher mesozooplankton abundances and biomass were 
recorded in nearshore waters from other oligotrophic seas (Ramfos et al. 2006, Neumann-
Leitao et al. 2008). 

The abundance of chaetognaths and the richness of copepod families were both significantly 
higher at the offshore station. In general, chaetognath species have been reported to play a 
larger role in oceanic waters compared to coastal waters (Ward & Shreeve 1999, Neumann-
Leitao et al.2008, Cornils et al. 2010). Although such affinity depends on the species, it has 
been reported that Sagitta enflata, which is the most dominant species in the Gulf of Aqaba, 
constitutes essentially an oceanic species (Vaissière & Seguin 1984). Regarding the richness of 
copepod families, the results from this study support the previous finding of more copepod 
species above sandy areas than above coral reefs in the Gulf of Aqaba (El-Serehy & Abdel-
Rahman 2004). No significant differences were found in the species assemblages between the 
two stations, but previous studies have shown that there are specific taxa which show high 
preference for coral reefs (Sale et al. 1976, 1978; McWilliam et al. 1981; Vaissière & Seguin 
1984; Cornils et al. 2010). Copepod assemblages also showed spatial differences in other areas 
(Sale et al. 1976, 1978; Hammer et al. 2007; Cornils et al. 2010), but the taxonomic resolution 
in the present study could be not enough to discern “reef” and/or “offshore” taxa. 

5. Diel patterns: Day vs. Night communities 

Mesozooplankton communities did not show significant diel differences in abundance, 
biomass, or species composition in the present study. Similar results were previously obtained 
in the Gulf of Aqaba (Cornils et al. 2005) and the Arabian Sea (Padmavati et al. 1998, Hitchcock 
et al. 2002). However, diel variations in zooplankton abundances or biomass are a very 
extended phenomenon due to processes of vertical migration (Steinberg et al. 2008, Alldredge 
& King, 2009, Nakajima et al. 2009, Nakajima et al. 2014). The zooplankton behavior regarding 
vertical migration within the water column differs among taxa in the Gulf of Aqaba (Vaissière & 
Seguin 1984). In the present study, the abundance of chaetognaths and the abundance of 
malacostraca (Euphausiacea + Mysida + Decapoda) were significantly higher at night. Previous 
studies confirm that these specific groups are very active migrators showing larger diel 
variations than other zooplanktonic taxa (Hitchcock et al. 2002, Fernández-Álamo & Färber-
Lorda 2006, Steinberg et al. 2008, Nakajima et al. 2009, Nakajima et al. 2014). Some copepod 
species inhabiting the Gulf of Aqaba have been also reported as active diel vertical migrators e. 
g. Pleuromamma indica (Farstey et al. 2002), but diel variations in the abundance of this 
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species were not identified in the present study probably because sampling was restricted to 
surface layers.  

Although significant diel differences were not observed in the mesozooplankton communities, 
the lowest abundances were found at the reef during daytime. It has been seen that the 
abundance of planktivorous fish in the Gulf of Aqaba is especially high above coral reefs (Khalaf 
& Kochzius 2002), so the depletion of zooplankton at the reef areas are attributable to  a 
higher predation pressure compared to oceanic waters (Kingsford & MacDiarmid, 1988, 
Hammer et al. 1988, Motro et al. 2005). 

6. Relation to environmental patterns 

In general, the explanation of biological patterns by environmental patterns was pretty weak 
in the present study. However, the copepod community patterns were well explained by the 
chlorophyll a concentrations from the previous month, suggesting that there is a strong 
seasonal coupling between the annual cycles of phytoplankton and copepods (Fernández-
Álamo & Färber-Lorda 2006). Nutrient concentrations did not seem to constitute good 
explanatory factors probably because they exert a greater influence on phytoplankton 
communities than on zooplankton communities. Significant correlations between the annual 
cycle of surface temperature and the seasonal cycle of specific taxa in the Gulf of Aqaba have 
been previously reported (Cornils et al. 2007b), which suggests that the time resolution (2-3 
months) or the taxonomic resolution in the present study could be not enough to discern 
relevant correlations between environmental and biological patterns. 

7. Carbon and nitrogen analyses 

C:N ratios (3.4-4.1) remained fairly similar among eight copepod taxa belonging to three 
different orders (Clausocalanidae, Paracalanus spp., Calocalanus spp., Mecynocera clausi, 
Acartia spp., Oithona spp., Oncaeidae, and Corycaeidae). Small interspecific variations within a 
similar range (3.4-3.8) were previously recorded in Anomalocera patersoni, Pontella 
mediterranea, Pontella lobiancoï and Labidocera wollastoni (Champalbert & Kerambrun 1978). 
Other comparable values are those found in late stages of Rhincalanus gigas, Eurytemora 
affinis, and Acartia bifilosa (Ward & Shreeve 1999, Koski 1999), but significant higher ratios 
were found in Calanoides acutus, Calanus finmarchicus, Calanus hyperboreus, Calanus 
glacialis, and Metridia longa (Tande 1982, Grønvik & Hopkins 1984, Ward & Shreeve 1999, 
Forest et al. 2011). C:N ratios in the family Clausocalanidae fluctuated throughout the year 
within a small range (3.5 – 4.0). In a similar way, it was found that E. affinis and A. bifilosa also 
show low but temporally stable C:N ratios (4-4.5; Koski 1999). However, other copepods such 
as C. finmarchicus, C. hyperboreus, C. glacialis, or M. longa exhibit much larger seasonal 
variations, i. e. 3-12 in C. glacialis (Tande 1982, Grønvik & Hopkins 1984, Forest et al. 2011).  

The higher C:N ratios observed at the reef across different taxa and different seasons could be 
a consequence of the substantial release of C-rich material by reef-building corals (Naumann et 
al. 2012, Kürten et al. 2014a) and, therefore, a better quality of food, which is probably richer 
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in fatty acids (Forest et al. 2011, Kürten et al. 2014a). However, C:N ratios recorded here could 
be not identical to real values due to the effects of sample preservation in formalin (Williams & 
Robins 1982). 

8. Points of criticism  

Although not many, the present study has a few points of criticism that should be improved for 
future research projects: 

1. The present study tried to explain seasonal patterns in the mesozooplankton 
communities of the northern Gulf of Aqaba. Due to time limitations, not all samples 
were analyzed and, therefore, not all months are included in the analysis. Although 
there was at least one month for each season, it is likely that a higher sampling 
resolution would have resolved annual and within-season abundance fluctuations 
more finely, and detected peak abundances more accurately. 

2. Due to the lack of good proxies for some species, biomass was estimated only for the 
copepod community. The contribution of copepods to mesozooplankton biomass 
could be much lower than the contribution to mesozooplankton abundances 
(Heidelberg et al. 2010, Nakajima et al. 2014). On the other hand, larger planktonic 
animals such as chaetognaths could be significantly more relevant to biomass than to 
total abundances (Hopcroft et al. 2005, Nakajima et al. 2014). The lack of biomass 
estimations for non-copepod taxa is especially important in the Gulf of Aqaba where 
small copepods dominate numerically but probably do not exert such a great influence 
on overall biomass.  

3. Biomass estimations were based on the assumption that all specimens were adults. 
However, an important fraction of the copepod community consists of early life stages 
that are found in different proportions depending on the taxa, the season, the 
location, or the time (Cornils et al. 2007a). Therefore, the analysis of the community 
structure would have been needed prior to the biomass calculations.  

4. The zooplankton nets used to collect samples had an appropriate mesh size for 
mesozooplankton (>200 µm). However, mesh sizes of 100 µm or less are required to 
not underestimate zooplankton abundances or biomass when small copepods are 
dominant (Paffenhöfer & Mazzocchi 2003, Turner 2004). A shift from 125-µm to 200-
µm mesh size could result in the loss of up to 60% of the zooplankton abundance as 
well as the observation of different seasonal cycles regarding zooplankton abundances 
(Miloslevic et al. 2014). For this reason, abundances in the present study where only 
compared to those zooplankton abundances obtained with similar net meshes. 

5. The taxonomic identification was perhaps not specific enough to identify significant 
spatial or diel patterns within the mesozooplankton community.  
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6. Two sampling times a day might overlook the fact that diel vertical migration in 
zooplankton is a phenomenon that does not occur as a single pulse, but as a collection 
of several pulses occurring at different times (Ohlhorst 1982). 



35 

Acknowledgements 

I would like to thank all people whose support was important for the elaboration of this 
master thesis. Without them, the present work would have not been possible. 

Thanks to you, Astrid, for your continuous attention, for your hospitality, for your patience to 
teach taxonomy, for your kindness, for your excellent supervision. 

Thanks to you, Steffi, for your marvelous advices, for teaching me how to do a good work, for 
asking me for more, for making me improve.  

Thanks to you, Mario, for your interest in the progress of my work, for your unconditional 
support, for the surprise in Bremerhaven, for being there. 

Thanks to you, my family, for worrying about me, for sending me strength and courage when I 
needed, for making me who I am today, for just being great.  

Thanks to you, Jingjing, Jasha, Tana, Clara, and family Heinrichs, for making my stay in 
Germany infinitely more pleasant, even when the sun was permanently gone in the grey Kiel.   



36 

References 

Afargan, H.; Gildor, H. 2015. The role of the wind in the formation of coherent eddies in the Gulf of 
Eilat/Aqaba. Journal of Marine Systems, 142: 75-95. 

Alldredge, A. L.; King, J. M. 2009. Near-surface enrichment of zooplankton over a shallow back reef: 
implications for coral reef food webs. Coral reefs, 28: 895-908. 

Al-Najjar, T.; Badran, M. I.; Richter, C.; Meyerhoefer, M.; Sommer, U. 2007. Seasonal dynamics of 
phytoplankton in the Gulf of Aqaba, Red Sea. Hydrobiologia, 579: 69-83.

Al-Taani, A. A.; Rashdan, M.; Khashashneh, S. 2015. Atmospheric dry deposition of mineral dust to the 
Gulf of Aqaba, Red Sea: Rate and trace elements. Marine Pollution Bulletin, 92: 252-258.

Al-Yamani, F. Y.; Skryabin, V.; Gubanova, A.; Khvorov, S.; Prusova, I. 2011. Marine zooplankton practical 
guide for the northwestern Arabian Gulf (Volumes 1 and 2). Kuwait Institute for Scientific 
Research. 392 p. 

Atienza, D.; Calbet, A.; Saiz, E.; Lopes, R. M. 2007. Ecological success of the cladoceran Penilia avirostris 
in the marine environment: feeding performance, gross growth efficiencies and life history. 
Marine Biology, 151(4): 1385-1396. 

Baird, M. E.; Everett, J. D.; Suthers, I. M. 2011. Analysis of southeast Australian zooplankton 
observations of 1938-42 using synoptic oceanographic conditions. Deep-Sea Research II, 58: 
699-711. 

Benayahu, Y.; Loya, Y. 1977. Space partitioning by stony corals, soft corals, and benthic algae on the 
coral reefs of the northern Gulf of Eilat (Red Sea). Helgoländer wissenschaftliche 
Meeresuntersuchungen, 30: 362-382.

Ben-Sasson, M.; Brenner, S.; Paldor, N. 2009. Estimating air-sea heat fluxes in semienclosed basins: the 
case of the Gulf of Elat (Aqaba). Journal of Physical Oceanography, 39: 185-202.

Biton, E.; Gildor, H. 2011. The general circulation of the Gulf of Aqaba (Gulf of Eilat) revisited: The 
interplay between the exchange flow through the Straits of Tiran and surface fluxes. Journal of 
Geophysical Research, 116: C08020. 

Borell, E. M.; Bischof, K. 2008. Feeding sustains photosynthetic quantum yield of a scleractinian coral 
during thermal stress. Oecologia, 157: 593-601.

Böttger-Schnack, R.; Hagen, W.; Schnack-Schiel, S. B. 2001. The microcopepod fauna in the Gulf of 
Aqaba, northern Red Sea: species diversity and distribution of Oncaeidae (Poecilostomatoida). 
Journal of Plankton Research, 23(9): 1029-1035.

Böttger-Schnack, R.; Schnack, D.; Hagen, W. 2008. Microcopepod community structure in the Gulf of 
Aqaba and northern Red Sea, with special reference to Oncaeidae. Journal of Plankton 
Research, 30(5): 529-550.

Carlson, D. F.; Fredj, E.; Gildor, H.; Biton, E.; Steinbuck, J. V.; Monismith, S. G.; Genin, A. 2012. 
Observations of tidal currents in the northern Gulf of Eilat/Aqaba (Red Sea). Journal of Marine 
Systems, 102-104: 14-28. 

Carlson, D. F.; Fredj, E.; Gildor, H. 2014. The annual cycle of vertical mixing and restratification in the 
Northern Gulf of Eilat/Aqaba (Red Sea) based on high temporal and vertical resolution 
observations. Deep-Sea Research I, 84: 1-17.

Carpenter, K. E.; Abrar, M.; Aeby, G.; Aronson, R. B.; Banks, S.; Bruckner, A.; Chiriboga, A.; Cortés, J.; 
Delbeek, J. C.; DeVantier, L.; Edgar, G. J.; Edwards, A. J.; Fenner, D.; Guzmán, H. M.; Hoeksema, 
B. W.; Hodgson, G.; Johan, O.; Licuanan, W. Y.; Livingstone, S. R.; Lovell, E. R.; Moore, J. A.; 
Obura, D. O.; Ochavillo, D.; Polidoro, B. A.; Precht, W. F.; Quibilan, M. C.; Reboton, C.; Richards, 
Z. T.; Rogers, A. D.; Sanciangco, J.; Sheppard, A.; Sheppard, C.; Smith, J.; Stuart, S.; Turak, E.; 
Veron, J. E. N.; Wallace, C.; Weil, E.; Wood, E. 2008. One-Third of Reef-Building Corals Face 
Elevated Extinction Risk from Climate Change and Local Impacts. Science, 321: 560-563. 

Castro, P.; Huber, M. E. 2010. Marine biology (8th Ed.). McGraw-Hill. 461 pp. 
Champalbert, G.; Kerambrun, P. 1978. Biochemical composition of hyponeustonic copepods in the 

Northwest Mediterranean. Dry weight and elementary analysis of carbon, hydrogen and 
nitrogen. Marine Biology, 45: 215-224. 

Champalbert, G.; Pagano, M.; Kouamé, B.; Riandey, V. 2005. Zooplankton spatial and temporal 
distribution in a tropical oceanic area off West Africa. Hydrobiologia, 548: 251-265. 



37 

Chen, Y.; Mills, S.; Street, J.; Golan, D.; Post, A.; Jacobson, M.; Paytan, A. 2007. Estimates of atmospheric 
dry deposition and associated input of nutrients to Gulf of Aqaba seawater. Journal of 
Geophysical Research, 112: D04309. 

Cornils, A.; Schnack-Schiel, S. B.; Hagen, W.; Dowidar, M.; Stambler, N.; Plähn, O.; Richter, C. 2005. 
Spatial and temporal distribution of mesozooplankton in the Gulf of Aqaba and the northern 
Red Sea in February/March 1999. Journal of Plankton Research, 27(6): 505-518.

Cornils, A.; Niehoff, B.; Richter, C.; Al-Najjar, T.; Schnack-Schiel, B. 2007a. Seasonal abundance and 
reproduction of clausocalanid copepods in the northern Gulf of Aqaba (Red Sea). Journal of 
Plankton Research, 29(1): 57-70.

Cornils, A.; Schnack-Schiel, S. B.; Al-Najjar, T.; Badran, M. I.; Rasheed, M.; Manasreh, R.; Richter, C. 
2007b. The seasonal cycle of the epipelagic mesozooplankton in the northern Gulf of Aqaba 
(Red Sea). Journal of Marine Systems, 68: 278-292.

Cornils, A.; Schulz, J.; Schmitt, P.; Lanuru, M.; Richter, C.; Schnack-Schiel, S. B. 2010. Mesozooplankton 
distribution in the Spermonde Archipielago (Indonesia, Sulawesi) with special reference to the 
Calanoida (Copepoda). Deep-Sea Research II, 57: 2076-2088.

Dorgham, M. M.; Elsherbiny, M. M.; Hanafi, M. H. 2012. Vertical distribution of zooplankton in the 
epipelagic zone off Sharm El-Sheikh, Red Sea, Egypt. Oceanologia, 54(3): 473-489.

Echelman, T.; Fishelson, L. 1990. Surface zooplankton dynamics and community structure in the Gulf of 
Aqaba (Eilat), Red Sea. Marine Biology, 107: 179-190. 

El-Serehy, H. A.; Abdel-Rahman, N. S. 2004. Distribution patterns of planktonic Copepod crustaceans in 
the coral reef and sandy areas along the Gulf of Aqaba, Red Sea, Egypt. Egyptian Journal of 
Biology, 6: 126-135.

Eskinazi-Sant’Anna, E. M.; Björnberg, T. K. S. 2006. Seasonal dynamics of mesozooplankton in Brazilian 
coastal waters. Hydrobiologia, 563: 253-268. 

Farstey, V.; Lazar, B.; Genin, A. 2002. Expansion and homogeneity of the vertical distribution of 
zooplankton in a very deep mixed layer. Marine Ecology Progress Series, 238: 91-100.

Fernández-Álamo, M. A.; Färber-Lorda, J. 2006. Zooplankton and the oceanography of the Eastern 
tropical Pacific: A review. Progress in Oceanography, 69: 318-359. 

Ferrier-Pagès, C.; Rottier, C.; Beraud, E.; Levy, O. 2010. Experimental assessment of the feeding effort of 
the three scleractinian coral species during thermal stress: Effect on the rates of 
photosynthesis. Journal of Experimental Marine Biology and Ecology, 390: 118-124. 

Fine, M.; Gildor, H.; Genin, A. 2013. A coral reef refuge in the Red Sea. Global Change Biology, 19: 3640-
3647. 

Forest, A.; Galindo, V.; Darnis, G.; Pineaul, S.; Lalande, C.; Tremblay, J. E.; Fortier, L. 2011. Carbon 
biomass, elemental ratios (C:N) and stable isotopic composition (δ13C, δ15N) of dominant 
calanoid copepods during the winter-to-summer transition in the Amundsen Gulf (Arctic 
Ocean). Journal of Plankton Research, 33(1): 161-178. 

Gallienne, C. P; Robins, D. B. 2001. Is Oithona the most important copepod in the world’s ocean? 
Journal of Plankton Research, 23(12): 1421-1432. 

Grønvik, S.; Hopkins, C. C. E. 1984. Ecological investigations of the zooplankton community of 
Balsfjorden, northern Norway: generation cycle, seasonal vertical distribution, and seasonal 
variations in body weight and carbon and nitrogen content of the copepod Metridia longa
(Lubbock). Journal of Experimental Marine Biology and Ecology, 80: 93-107. 

Grottoli, A. G.; Rodrigues, L. J.; Palardy, J. E. 2006. Heterotrophic plasticity and resilience in bleached 
corals. Nature Letters, 440: 1186-1189.

Hammer, W. M.; Jones, M. S.; Carleton, J. H.; Hauri, I. R.; Williams, D. McB. 1988. Zooplankton, 
planktivorous fish, and water currents on a windward reef face: Great Barrier Reef, Australia. 
Bulletin of Marine Science, 42(3): 459-479. 

Hammer, W. M.; Colin, P. L.; Hammer, P. P. 2007. Export-import dynamics of zooplankton on a coral reef 
in Palau. Marine Ecology Progress Series, 334: 83-92. 

Heidelberg, K. B.; O’Neil, K. L.; Bythell, J. C.; Sebens, K. P. 2010. Vertical distribution and diel patterns of 
zooplankton abundance and biomass at Conch Reef, Florida Keys (USA). Journal of Plankton 
Research, 32(1): 75-91. 

Hitchcock, G. L.; Lane, P.; Smith, S.; Luo, J.; Ortner, P. B. 2002. Zooplankton spatial distribution in coastal 
waters of the northern Arabian Sea, August 1995. Deep-Sea Research II, 49: 2403-2423. 

Hopcroft, R. R.; Clarke, C.; Nelso, R. J.; Raskoff, K. A. 2005. Zooplankton communities of the Arctic’s 
Canada Basin: the contribution by smaller taxa. Polar Biology, 28: 198-206. 



38 

Houlbrèque, F.; Tambutté, E.; Ferrier-Pagès, C. 2003. Effect of zooplankton availability on the rates of 
photosynthesis, and tissue and skeletal growth in the scleractinian coral Stylophora pistillata. 
Journal of Experimental Marine Biology and Ecology, 296: 145-166.

Houlbrèque, F.; Ferrier-Pagès, C. 2009. Heterotrophy in tropical scleractinian corals. Biological Reviews, 
84: 1-17. 

Huggett, J. A. 2014. Mesoscale distribution and community composition of zooplankton in the 
Mozambique Channel. Deep-Sea Research II, 100: 119-135. 

Hulings, N. C. 1989. A review of marine science research in the Gulf of Aqaba. Publications of the Marine 
Science Station Aqaba, Jordan, No. 6. The University of Jordan Press Amman. 267 p. 

Huskin, I.; Anadón, R.; Medina, G.; Head, R. N.; Harris, R. P. 2001. Mesozooplankton distribution and 
copepod grazing in the Subtropical Atlantic near the Azores: Influence of mesoscale structures. 
Journal of Plankton Research, 23(7): 671-691. 

Intxausti, L.; Villate, F.; Uriarte, I.; Iriarte, A.; Ameztoy, I. 2012. Size-related response of zooplankton to 
hydroclimatic variability and water-quality in an organically polluted estuary of the Basque 
coast (Bay of Biscay). Journal of Marine Systems, 94: 87-96.

Khalaf, M. A.; Kochzius, M. 2002. Community structure and biogeography of shore fishes in the Gulf of 
Aqaba, Red Sea. Helgoland Marine Research, 55: 252-284.

Khalil, M. T.; Abd El-Rahman, N. S. 1997. Abundance and diversity of surface zooplankton in the Gulf of 
Aqaba, Red Sea, Egypt. Journal of Plankton Research, 19(7): 927-936.

Kimor, B.; Golandsky, B. 1977. Microplankton of the Gulf of Elat: Aspects of seasonal and bathymetric 
distribution. Marine Biology, 42: 55-67. 

Kingsford, M. J.; MacDiarmid, A. B. 1988. Interrelations between planktivorous reef fish and zooplankton 
in temperate waters. Marine Ecology Progress Series, 48: 103-117. 

Klinker, J.; Reiss, Z.; Kropach, C.; Levanon, I.; Harpaz, H.; Shapiro, Y. 1978. Nutrients and biomass 
distribution in the Gulf of Aqaba (Elat), Red Sea. Marine Biology, 45: 53-64.

Koski, M. 1999. Carbon : nitrogen ratios of Baltic Sea copepods - indication of mineral limitation? Journal 
of Plankton Research, 21(8): 1565-1573. 

Kürten, B.; Al-Aidaroos, A. M.; Struck, U.; Khomayis, H. S.; Gharbawi, W. Y.; Sommer, U. 2014a. Influence 
of environmental gradients on C and N stable isotope ratios in coral reef biota of the Red Sea, 
Saudi Arabia. Journal of Sea Research, 85: 379-394. 

Kürten, B.; Khomayis, H. S.; Devassy, R.; Audritz, S.; Sommer, U.; Struck, U.; El-Sherbiny, M. M.; Al-
Aidaroos, A. M. 2014b. Ecohydrographic constraints on biodiversity and distribution of 
phytoplankton and zooplankton in coral reefs of the Red Sea, Saudi Arabia. Marine Ecology: 1-
20.

Labiosa, R. G.; Arrigo, K. R.; Genin, A.; Monismith, S. G.; van Dijken, G. 2003. The interplay between 
upwelling and deep convective mixing in determining the seasonal phytoplankton dynamics in 
the Gulf of Aqaba: Evidence from SeaWiFS and MODIS. Limnology and Oceanography, 48(6): 
2355-2368.

Lavaniegos, B. E.; Ohman, M. D. 2007. Coherence of long-term variations of zooplankton in two sectors 
of the California Current System. Progress in Oceanography, 75: 42-69.

Le Borgne, R.; Champalbert, G.; Gaudy, R. 2003. Mesozooplankton biomass and composition in the 
equatorial Pacific along 180°. Journal of Geophysical Research, 108(C12), 8143. 

Levanon-Spanier, I.; Padan, E.; Reiss, Z. 1979. Primary production in a deser-enclosed sea – the Gulf of 
Elat (Aqaba), Red Sea. Deep-Sea Research, 26(6A): 673-685. 

Lindell, D.; Post, A. F. 1995. Ultraphytoplankton sucession is triggered by deep winter mixing in the Gulf 
of Aqaba (Eilat), Red Sea. Limnology and Oceanography, 40(6): 1130-1141.

Madhupratap, M.; Gopalakrishnan, T. C.; Haridas, P.; Nair, K. K. C. 2001. Mesozooplankton biomass, 
composition and distribution in the Arabian Sea during the Fall Intermonsoon: implications of 
oxygen gradients. Deep-Sea Research II, 48: 1345-1368.

Manasreh, Y. 2002. The general circulation and water masses characteristics in the Gulf of Aqaba and 
northern Red Sea. Meererwissenschaftliche Berichte, No. 50. Institut für Ostseeforschung -
Warnemünde. 120 p.

McWilliam, P. S.; Sale, P. F.; Anderson, D. T. 1981. Seasonal changes in resident zooplankton sampled by 
emergence traps in one tree lagoon, Great Barrier Reef. Journal of Experimental Marine Biology 
and Ecology, 52: 185-203.



39 

Miloslavic, M.; Lucic, D.; Gangai, B.; Onofri, I. 2014. Mesh size effects on mesozooplankton community 
structure in a semi-enclosed coastal area and surrounding sea (South Adriatic Sea). Marine 
Ecology, 35: 445-455. 

Monismith, S. G.; Genin, A.; Reidenbach, M. A.; Yahel, G.; Koseff, J. R. 2006. Thermally Driven Exchanges 
between a Coral Reef and the Adjoining Ocean. Journal of Physical Oceanography, 36: 1332-
1347.

Moore, E.; Sander, F. 1976. Quantitative and Qualitative Aspects of the Zooplankton and Breeding 
Patterns of Copepods at two Caribbean coral reef stations. Estuarine and Coastal Marine 
Science, 4: 589-607. 

Motro, R.; Ayalon, I.; Genin, A. 2005. Near-bottom depletion of zooplankton over coral reefs III: vertical 
gradient of predation pressure. Coral Reefs, 24: 95-98.

Nakajima, R.; Yoshida, T.; Othman, B. H. R.; Toda, T. 2009. Diel variations of zooplankton in the tropical 
coral-reef wáter of Tioman Island, Malaysia. Aquatic Ecology, 43: 965-975.

Nakajima, R.; Yoshida, T.; Othman, B. H. R.; Toda, T. 2014. Biomass and estimated production rates of 
metazoan zooplankton community in a tropical coral reef of Malaysia. Marine Ecology, 35: 112-
131.

Naumann, M. S.; Orejas, C.; Wild, C.; Ferrier-Pagès, C. 2011. First evidence for zooplankton feeding 
sustaining key physiological processes in a scleractinian cold-water coral. The Journal of 
Experimental Biology, 214: 3570-3576. 

Naumann, M. S.; Richter, C.; Mott, C.; el-Zibdah, M.; Manasrah, R.; Wild, C. 2012. Budget of coral-
derived organic carbon in a fringing coral reef of the Gulf of Aqaba, Red Sea. Journal of Marine 
Systems, 105-108: 20-29.

Neumann-Leitao, S.; Eskinazi Sant‘ Anna, E. M.; De Oliveira Gusmao, L. M.; Aguiar Do Nascimento-Vieira, 
D.; Nogueira Paranaguá, M.; Schwamborn, R. 2008. Diversity and distribution of the 
mesozooplankton in the tropical Southwestern Atlantic. Journal of Plankton Research, 30(7): 
795-805. 

Nielsen, D. L.; Brock, M. A.; Vogel, M.; Petrie, R. 2008. From fresh to saline: a comparison of zooplankton 
and plant communities developing under a gradient of salinity with communities developing 
under constant salinity levels. Marine and Freshwater Research, 59: 549-559.

Niemann, H.; Richter, C.; Jonkers, H. M.; Badran, M. I. 2004. Red Sea gravity currents cascade near-reef 
phytoplankton to the twilight zone. Marine Ecology Progress Series, 269: 91-99.

Ohlhorst, S. L. 1982. Diel migration patterns of demersal reef zooplankton. Journal of Experimental 
Marine Biology and Ecology, 60: 1-15. 

Padmavati, G.; Haridas, P.; Nair, K. K. C.; Gopalakrishnan, T. C.; Shiney, P.; Madhupratap, M. 1998. 
Vertical distribution of mesozooplankton in the central and eastern Arabian Sea during the 
winter monsoon. Journal of Plankton Research, 20(2): 343-354. 

Paffenhöffer, G. A.; Mazzocchi, M. G. 2003. Vertical distribution of subtropocal epiplanktonic copepods. 
Journal of Plankton Research, 25(9): 1139-1156.

Palardy, J. E.; Grottoli, A. G.; Matthews, K. A. 2006. Effect of naturally changing zooplankton 
concentrations on feeding rates of two coral species in the Eastern Pacific. Journal of 
Experimental Marine Biology and Ecology, 331: 99-107. 

Prakash, P. J.; Stenchikov, G.; Kalenderski, S.; Osipov, S.; Bangalath, H. 2015. The impact of dust storms 
on the Arabian Peninsula and the Red Sea. Atmospheric Chemistry and Physics, 15: 199-222. 

Prusova, I.; Smith, S.; Popova, E. 2012. Calanoid Copepods of the Arabian Sea Region. Sultan Qaboos 
University Academic Publication Board. 240 p. 

R Development Core Team. 2015. R: A language and environment for statistical computing, R 
Foundation for Statistical Computing, Vienna Austria. http://www.R-project.org. 

Ramfos, A.; Isari, S.; Somarakis, S.; Georgopoulos, D.; Koutsikopoulos, C.; Fragopoulu, N. 2006. 
Mesozooplankton community structure in offshore and coastal waters of the Ionian Sea 
(eastern Mediterranean) during mixed and stratified conditions. Marine Biology, 150:29-44. 

Rasheed, M.; Badran, M. I.; Richter, C.; Huettel, M. 2002. Effect of reef framework and bottom sediment 
on nutrient enrichment in a coral reef of the Gulf of Aqaba, Red Sea. Marine Ecology Progress 
Series, 239: 277-285.

Razouls; C.; de Bovée, F.; Kouwenberg, J.; Desreumaux, N. 2005-2016. Diversity and Geographic 
Distribution of Marine Planktonic Copepods. Available at http://copepodes.obs-banyuls.fr/en.

Reiss, Z.; Hottinger, L. 1984. The Gulf of Aqaba: Ecological Micropaleontology. Ecological Studies, 50. 
Springer-Verlag  Berlin Heidelberg. 136 p. 



40 

Riegl, B.; Piller, W. E. 2003. Possible refugia for reefs in times of environmental stress. International 
Journal of Earth Sciences (Geologische Rundschau), 92: 520-531.

Rodolfo-Metalpa, R.; Peirano, A.; Houlbréque, F.; Abbate, M.; Ferrier-Pagès, C. 2008. Effects of 
temperatura, light and heterotrophy on the growth rate and budding of the temperate coral 
Cladocora caespitosa. Coral Reefs, 27: 17-25.

Rossi, S.; Ribes, M.; Coma, R.; Gili, J. M. 2004. Temporal variability in zooplankton prey capture rate of 
the passive suspension feeder Leptogorgia sarmentosa (Cnidaria: Octocorallia), a case study. 
Marine Biology, 144: 89-99.

Sale, P. F.; McWilliam, P. S.; Anderson, D. T. 1976. Composition of the near-reef zooplankton at Heron 
Reef, Great Barrier Reef. Marine Biology, 34: 59-66. 

Sale, P. F.; McWillliam, P. S.; Anderson, D. T. 1978. Faunal relationships among the near-reef 
zooplankton at three locations on Heron Reef, Great Barrier Reef, and seasonal changes in this 
fauna. Marine Biology, 49: 133-145. 

Sawall, Y.; Al-Sofyani, A.; Hohn, S.; Banguera-Hinestroza, E.; Voolstra, C. R.; Wahl, M. 2015. Extensive 
phenotypic plasticity of a Red Sea coral over a strong latitudinal temperatura gradient suggests 
limited acclimatization potential to warming. Scientific Reports, 5: 8940. 

Schneider, G.; Lenz, J.; Rolke, M. 1994. Zooplankton standing stock and community size structure within 
the epipelagic zone: a comparison between the central Red Sea and the Gulf of Aden. Marine 
Biology, 119: 191-198.

Smith, S. L. 1995. The Arabian Sea: mesozooplankton response to seasonal climate in a tropical ocean. 
Journal of Marine Science, 52: 427-438. 

Smith, S. L.; Madhupratap, M. 2005. Mesozooplankton of the Arabian Sea: Patterns influences by 
seasons, upwelling, and oxygen concentrations. Progress in Oceanography, 65: 214-239. 

Steinberg, D. K.; Cope, J. S.; Wilson, S. E.; Kobari, T. 2008. A comparison of mesopelagic 
mesozooplankton community structure in the subtropical and subarctic North Pacific Ocean.
Deep-Sea Research II, 55: 1615-1635.

Stelfox, C. E.; Burkill, P. H.; Edwards, E. S.; Harris, R. P.; Sleigh, M. A. 1999. The structure of zooplankton 
communities, in the 2 to 2000 µm size range, in the Arabian Sea during and after the SW 
monsoon, 1994. Deep-Sea Research II, 46: 815-842. 

Tande, K. S. 1982. Ecological investigations on the zooplankton community of Balsfjorden, northern 
Norway: generation cycles, and variations in body weight and body content of carbon and 
nitrogen related to overwintering and reproduction in the copepod Calanus finmarchicus
(Gunnerus). Journal of Experimental Marine Biology and Ecology, 62: 129-142. 

Turner, J. T. 2004. The importance of small planktonic copepods and their roles in pelagic marine food 
webs. Zoological Studies, 43(2): 255-266. 

Vaissiére, R.; Seguin, G. 1984. Initial observations of the zooplankton microdistribution on the fringing 
coral reef at Aqaba (Jordan). Marine Biology, 83: 1-11. 

Ward, P.; Shreeve, R. S. 1999. The spring mesozooplankton community at South Georgia: a comparison 
of shelf and oceanic sites. Polar Biology, 22: 289-301. 

Weikert, H. 1994. The vertical distribution of zooplankton in relation to habitat zones in the area of the 
Atlantis II Deep, Central Red Sea. Marine Ecology Progress Series, 8: 129-143.

Wild, C.; Hoegh-Guldberg, O.; Naumann, M. S.; Colombo-Pallotta, M. F.; Ateweberhan, M.; Fitt, W. K.; 
Iglesias-Prieto, R.; Palmer, C.; Bythell, J. C.; Ortiz, J. C.; Loya, Y.; van Woesik, R. 2011. Climate 
change impedes scleractinian corals as primary reef ecosystem engineers. Marine and 
Freshwater Research, 62: 205-215. 

Williams, R.; Robins, D. B. 1982. Effects of preservation on wet weight, dry weight, nitrogen and carbon 
contents of Calanus helgolandicus (Crustacea: Copepoda). Marine Biology, 71: 271-281. 



41 

Appendix I 

Mesozooplankton inventory – Relative abundances (%)

Taxon Reef Offshore PhotoDay Night Day Night
Cnidaria 0.2 0.4 0.3 0.3 p. 43
Platyhelmynthes <0.1 <0.1 <0.1 <0.1 p. 43
Nemertea Pilidum larvae <0.1 <0.1 <0.1 <0.1 p. 43
Nematoda <0.1 <0.1 <0.1 <0.1 p. 43
Rotifera <0.1 <0.1 <0.1 <0.1 x
Annelida Polychaeta 0.2 0.3 0.3 0.3 p. 43
Mollusca Gastropoda 6.6 5.8 6.4 6.1 x

Bivalvia 4.4 2.1 3.6 3.0 p. 43
Cephalopoda <0.1 <0.1 <0.1 <0.1 x

Arthropoda Cladocera 0.9 0.1 0.1 0.1 p. 43
Ostracoda 0.1 0.4 0.2 0.2 p. 43
Copepoda 80.5 77.7 80.6 78.3 p. 43-46
Cirripedia (nauplii) 0.2 0.3 0.1 0.1 p. 46
Euphausiacea

0.8 0.9 0.3 0.7
p. 46

Mysida p. 46
Decapoda p. 47
Amphipoda <0.1 0.1 <0.1 0.1 p. 47
Isopoda <0.1 0.1 <0.1 <0.1 p. 47
Insecta <0.1 <0.1 <0.1 <0.1 p. 47

Bryozoa Cyphonautes larvae <0.1 <0.1 <0.1 <0.1 p. 47
Echinodermata Ophiopluteus larvae 0.4 0.9 0.4 0.1

p. 47
Auricularia larvae p. 47

Chaetognatha 1.8 2.1 2.3 4.0 p. 47
Chordata Thaliacea 0.1 0.8 0.3 0.5 p. 48

Appendicularia 3.4 7.3 4.9 5.4 p. 48
Cephalochordata <0.1 <0.1 <0.1 <0.1 p. 48
Fish eggs 0.2 0.7 0.2 0.8

p. 48
Fish eggs p. 48
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Appendix II 

Copepod inventory – Relative abundances (%) 

Taxon Reef Offshore PhotoDay Night Day Night
Calanoida Acartiidae Acartia spp. 4.6 8.8 7.0 5.7 p. 44

Calanidae Canthocalanus pauper

1.0 0.8 0.8 1.2

p. 44
Mesocalanus tenuicornis p. 44
Nannocalanus minor x
Undinula vulgaris p. 44

Candaciidae Candacia spp. 0.1 0.2 0.3 0.3 p. 44
Centropagidae Centropages spp. 0.4 1.1 0.9 0.8 p. 44
Clausocalanidae Clausocalanus spp. 24.5 29.2 29.5 27.5

p. 44
Ctenocalanus vanus x

Euchaetidae Euchaeta sp. <0.1 <0.1 <0.1 0.1 p. 44
Lucicutiidae Lucicutia sp. 0.3 0.3 0.1 0.3 p. 44
Metridinidae Pleuromamma indica 0.1 0.1 0.2 0.2 p. 44
Paracalanidae Acrocalanus spp. 0.6 0.9 1.0 1.0 p. 44

Calocalanus spp. 7.5 9.2 6.5 11.0 p. 45
Mecynocera clausi 2.6 2.6 1.8 2.1 p. 45
Paracalanus spp. 15.8 13.4 13.1 15.3

p. 45
Parvocalanus/Delibus spp. x

Pontellidae <0.1 <0.1 <0.1 <0.1 p. 45
Rhincalanidae Rhincalanus nasutus <0.1 <0.1 <0.1 <0.1 p. 45
Scolecitrichidae Macandrewella sp. <0.1 <0.1 <0.1 0.1 p. 45Scolecithrix sp.
Temoridae Temoropia sp. <0.1 <0.1 <0.1 0.1 p. 45

Cyclopoida Oithonidae Oithona spp. 30.3 20.7 25.4 22.3 p. 45
Poecilostomatoida Corycaeidae 5.6 7.6 7.0 6.6 p. 45

Lubbockiidae Lubbockia sp. <0.1 <0.1 <0.1 <0.1 p. 46
Oncaeidae 6.0 5.1 5.6 5.1 p. 46
Sapphirinidae Copilia sp. <0.1 <0.1 <0.1 <0.1 p. 46

Sapphirina sp. 0.2 0.1 0.1 0.1 p. 46
Harpacticoida Ectinosomatidae Microsetella sp. <0.1 <0.1 <0.1 <0.1 x

Miraciidae Macrosetella sp. 0.1 <0.1 0.5 0.1 p. 46
Peltidiidae Clytemnestra sp. <0.1 <0.1 <0.1 <0.1 p. 46

Siphonostomatoida <0.1 <0.1 <0.1 <0.1 p. 46
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Appendix III 

Illustrative Inventory of Mesozooplankton 

CNIDARIA CNIDARIA PLATYHELMINTHES

NEMERTEA
Pilidium larva

NEMATODA ANNELIDA
Polychaeta

ANNELIDA
Polychaeta

MOLLUSCA
Bivalvia

ARTHROPODA
Cladocera

ARTHROPODA
Ostracoda

ARTHROPODA
Ostracoda

ARTHROPODA
Copepoda (nauplius)
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ARTHROPODA
Copepoda
Acartia sp.

ARTHROPODA
Copepoda

Canthocalanus pauper

ARTHROPODA
Copepoda

Mesocalanus tenuicornis

ARTHROPODA
Copepoda

Undinula vulgaris

ARTHROPODA
Copepoda

Candacia sp.

ARTHROPODA
Copepoda

Centropages sp.

ARTHROPODA
Copepoda

Centropages sp.

ARTHROPODA
Copepoda

Clausocalanus sp.

ARTHROPODA
Copepoda

Euchaeta sp.

ARTHROPODA
Copepoda

Lucicutia sp.

ARTHROPODA
Copepoda

Pleuromamma indica

ARTHROPODA
Copepoda

Acrocalanus sp.
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ARTHROPODA
Copepoda

Calocalanus sp.

ARTHROPODA
Copepoda

Mecynocera clausi

ARTHROPODA
Copepoda

Paracalanidae ♂

ARTHROPODA
Copepoda

Paracalanus sp. ♀

ARTHROPODA
Copepoda
Pontellidae

ARTHROPODA
Copepoda

Calanopia sp.

ARTHROPODA
Copepoda

Rhincalanus nasutus

ARTHROPODA
Copepoda

Scolecitrichidae

ARTHROPODA
Copepoda

Macandrewella sp.

ARTHROPODA
Copepoda

Temoropia sp.

ARTHROPODA
Copepoda

Oithona sp.

ARTHROPODA
Copepoda

Corycaeidae
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ARTHROPODA
Copepoda

Lubbockia sp.

ARTHROPODA
Copepoda
Oncaeidae

ARTHROPODA
Copepoda
Copilia sp.

ARTHROPODA
Copepoda

Sapphirina sp.

ARTHROPODA
Copepoda

Sapphirina sp.

ARTHROPODA
Copepoda

Macrosetella sp.

ARTHROPODA
Copepoda

Clytemnestra sp.

ARTHROPODA
Copepoda

Siphonostomatoida

ARTHROPODA
Cirripedia (Nauplius)

ARTHROPODA
Cirripedia (nauplius)

ARTHROPODA
Euphausiacea

ARTHROPODA
Mysida
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ARTHROPODA
Decapoda (zoea larva)

ARTHROPODA
Decapoda

ARTHROPODA
Decapoda (phyllosoma larva)

ARTHROPODA
Amphipoda

ARTHROPODA
Isopoda

ARTHROPODA
Isopoda

Gnathiidae

ARTHROPODA
Insecta

BRYOZOA
Cyphonautes larva

ECHINODERMATA
Ophiuroidea (Ophiopluteus larva)

ECHINODERMATA
Holothuroidea (auricularia larva)

CHAETOGNATHA CHAETOGNATHA
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CHORDATA
Thaliacea

CHORDATA
Appendicularia

CHORDATA
Cephalochordata

(Wrong scale. Correct value: 1000 µm)

CHORDATA
Actinopterygii (fish egg)

CHORDATA
Actinopterygii (fish larva)
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