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Chapter 1: General introduction 

EL-Hacen M. EL-Hacen 

------------------------------------------------------------------------------------------------------- 

Only two centuries ago, coastal systems worldwide were very heterogeneous and full 

of life: seas replete with fish of all kinds and sizes and skies crowded with birds of all 

shapes and colours. Today, coastal seas are turbid and overfished and waterbirds that 

once ruled the scene in steep decline. In this worldwide blurry picture of coastal 

systems, only a handful of important sites along the global swim- and flyways remain 

pretty much untouched. These areas provide refuge for the seasonal migrants and bear 

testimony and reference to how coastal systems should look like. Indeed, the 

remaining treasures are a good starting point for scientifically informed conservation 

planning.  

An outstanding example of such a pristine place along the East Atlantic 

Flyway (Fig. 1.1) is the Parc National du Banc d’Arguin, Mauritania. The Banc 

d’Arguin, with its large green intertidal flats bordering the Sahara, is a heaven in an 

otherwise rather hostile environment for avian migrants. Recently, nature-unfriendly 

activities, however, have started to also hit the core intertidal flats of Banc d’Arguin, 

thereby threatening the integrity of this ecosystem. It is urgent to face these threats 

with conservation strategies anchored on solid scientific findings.  

The key component of the Banc d’Arguin ecosystem is its seagrass, the main 

primary producer that provides shelter and food for the fauna of the area. In this 

thesis I present my work on the functioning, and especially the resilience, of the 

seagrass beds of Banc d’Arguin. I have done this by trying to identify the biophysical 

drivers of stability and recovery at different spatial scales, and evaluate how seagrass 

dynamics are associated with benthic stocks (the main secondary producer) and the 

waterbirds (the main consumers of the seagrass-dependent fauna).  
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Seagrass functioning: the interplay between physical and biological factors 

Seagrass beds are of great ecological and economical importance (Cullen-Unsworth 

& Unsworth, 2013), ranking them among the most valuable ecosystems to humankind 

through their role in stabilising coastal sediment (Gacia & Duarte, 2001), coastal 

protection (Christianen et al., 2013; Ondiviela et al., 2014), the provisioning of food 

and shelter for a wide range of species among which valuable food sources to 

mankind (Jackson et al., 2001a; Duffy, 2006; van der Zee et al., 2016), carbon 

sequestration (Duarte et al., 2010; Mcleod et al., 2011), and increasing water clarity 

(Gruber et al., 2011; van der Heide et al., 2011). 

 

Figure 1.1. Map showing shorebird densities in the most important sites along the 

East Atlantic Flyway. The map is from van de Kam et al., (2004). 
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Yet, seagrasses are threatened by human anthropogenic activities (Orth et al., 2006), 

with an annual loss of 7% of seagrass beds worldwide (Waycott et al., 2009). Large-

scale seagrass losses are attributed mostly to eutrophication (Burkholder et al., 2007) 

and habitat loss (Short & Wyllie-Echeverria, 1996; Erftemeijer & Robin Lewis, 

2006). Overfishing is also know to negatively affect seagrass stability through 

cascading affects: destabilising the balance between mesograzers and macroalgae that 

are known to supress seagrasses (Moksnes et al., 2008; Baden et al., 2012).  

Seagrass beds thrive in clear and relatively nutrient-limited waters. This might 

seem odd, as estuarine systems are usually dynamic and nutrient-rich. Seagrasses, 

however, engage in some biophysical feedbacks relying on their remarkable 

engineering and mutualistic capabilities to flourish in such adverse conditions. 

Seagrasses trap suspended sediment, which increases water clarity and enhances light 

penetration, achieving exactly the necessary conditions for seagrass growth. Burying 

fine sediment away from the reach of macroalgae and phytoplankton deprives them 

from an important source of nutrients and thus helps seagrass to dominate the system.  

Trapping sediment, however, creates conditions of sulphide build-up, a toxic 

compound to seagrass as well as the associated infauna. By engaging in a symbiosis 

with the sulphide-consuming bivalve Loripes orbiculatus, seagrasses are able to 

alleviate this toxic condition (van der Heide et al., 2012). Thus, seagrass-sediment-

light and seagrass-Loripes-sulphide feedbacks, to large extent drive intertidal seagrass 

stability. Obviously, hydrodynamic forces affect sediment and nutrient dynamics and 

hence seagrass resilience, so an understanding of seagrass functioning requires an 

understanding of the difference that the prevailing hydrodynamic conditions make. 

Seagrass resilience and alternative stable states 

Resilience refers to “the ability to absorb repeated disturbances and the capacity to 

recover from disturbances without fundamentally switching to an alternative stable 

state” (Holling, 1973). The assessment of seagrass resilience is a first step toward 
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seagrass conservation (Unsworth et al., 2015). Systems that are driven by feedbacks 

are prone to shift to a different state when mechanisms controlling these feedbacks 

are pushed beyond certain thresholds (Scheffer et al., 2001; Scheffer & Carpenter, 

2003; van der Heide et al., 2007).  

In seagrasses, nutrients overload and turbidity favour fast growing 

macroalgae, which may then lead to a bare alternative state where algae prevail (van 

der Heide et al., 2007). Also, the loss of the important mutualistic relationship with 

Loripes orbiculatus could affect the resilience of seagrass beds and make them 

vulnerable to adverse conditions such as drought (de Fouw et al., 2016a). The shift 

from a seagrass to a bare algal-dominated system could have negative consequences 

for biodiversity. For example, the loss of seagrass beds in the Dutch Wadden Sea has 

led to losses in ecological and economical services especially with respect to 

fisheries, water clarity, and nutrient cycling (Lotze, 2005; Lotze et al., 2005; Eriksson 

et al., 2010). The main losers during such habitat shift are the benthic fauna and the 

trophic groups that depend on seagrass and the associated benthos for a living.  

Often, alternative stable states favour/disfavour different communities that 

flourish under one of the competing states, i.e., seagrass-loving vs. 

microphytobenthos-loving communities. It is of great concern that worldwide algal-

dominated state begin to replace seagrass beds due to anthropogenic activities. With 

respect to the flyways, migrants which depend on seagrass communities are a cause 

for concern. It is currently, however, not clear which species will be negatively 

affected by shifts from seagrass toward bare sediments and which ones will benefit.  

The Sahelian drought and its effects on in Banc d’Arguin intertidal flats 

The unprecedented decline in the rainfall of the Sahel (the transitional area between 

the Sahara and the subtropical Savanna) between 1972 and 1992 (Fontaine et al., 

1996) is considered the most dramatic ever measured historical change in climate 

(Hulme, 1996). The causes are not clear (Balas et al., 2007), but are believed to 
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represent a combination of an external sea-surface temperature (SSTs) forcing 

(Folland et al., 1986; Fontaine et al., 1996; Foley et al., 2003; Giannini et al., 2003; 

Balas et al., 2007; Mulitza et al., 2008; Shanahan et al., 2009) and a loss of positive 

feedbacks between vegetation and rainfall (Foley et al., 2003; Giannini et al., 2008a, 

2008b; Yu et al., 2017). It has been suggested that the Sahel drought was induced by 

a southward shift of the West African monsoon, which is influenced by the heat 

transport due to the Atlantic meridional overturning circulation (Mulitza et al., 2008). 

The prolonged drought provoked a large scale loss of vegetation cover and soil 

moisture and as a consequence a dramatic increase in dust storms (Middleton, 1985; 

Goudie & Middleton, 1992; Prospero & Lamb, 2003), with a six fold increase in 

Mauritania (Middleton, 1985).  

Saharan intensive dust storm events can be seen from space (Fig. 1.2) and are 

known to affect ecosystems as far as the Amazonian forests across the Atlantic 

(Reichholf, 1986; Swap et al., 1992; Koren et al., 2006; Ben-Ami et al., 2010; 

McClintock et al., 2015; Korte et al., 2017; Rizzolo et al., 2017) and also various 

European systems across the Mediterranean (Schwikowski et al., 1995; Ansmann et 

al., 2003; Barkan et al., 2005; Lyamani et al., 2005; Meloni et al., 2008; 

Vanderstraeten et al., 2008). Yet, the effect of dust storms on the functioning of the 

adjacent seagrass beds of Banc d’Arguin, perhaps ironically, remains to be studied. 

Dust storms hit the intertidal flats of Banc d’Arguin up to 100 events/year (Fig. 1.3; 

Niang et al., 2008). Massive mud depositions from dust storms could induce seagrass 

die-off events (Han et al., 2012; Ceccherelli et al., 2018). On the other hand, Saharan 

dust is a potential external source of nutrients (Carbo et al., 2005; Baker et al., 2006a) 

to the intertidal flats of Banc d’Arguin that are not known to have one. Finally, dust 

supply is expected to allow seagrass beds to keep-up with sea-level rise (Potouroglou 

et al., 2017).  
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Figure 1.2. A satellite image sowing a dust storm over the coast of Mauritania. 

March 2004. From https://www.usgs.gov. Black lines defines the boundaries of the 

Parc National du Banc d’Arguin. 

 

Figure 1.3. Dust storm blowing over the intertidal flats of Iwik, Banc d’Arguin on 19 

October 2006. Photo by Piet J. van den Hout.  
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The study system: Banc d’Arguin and its intertidal seagrass beds 

The Parc National du Banc d’Arguin (Fig. 1.1) was created in 1976. Its 12 000 km
2
, 

of which 6,450 km
2
 are marine, stretch over a third of the Mauritanian coastline, 

which makes it the largest marine protected area in Africa. The Banc d’Arguin has 

special biogeographical features which gave it international fame and resulted in 

recognition as a UNESCO World Heritage Site in 1989. For example, the area hosts 

the largest wintering shorebird concentration in the world with an estimation of 2.3 

million birds visiting the area annually (Altenburg et al., 1982). The Banc d’Arguin is 

also a home to the largest breeding colonies of seabirds in Africa, with approximately 

25-40 thousand breeding pairs (Campredon, 2000), including two endemic 

subspecies, i.e. the Mauritanian Spoonbill Platalea leucorodia balsaci (Piersma et al., 

2012) and the Mauritanian Grey Heron Ardea cinerea monicae. The intertidal flats of 

the Banc d’Arguin exist in a unique place for migratory birds, with no alternative 

feeding grounds along the mainland (it is bordered by the Sahara), and it is quite far 

away from other major intertidal systems in the north (Wadden Sea, Western Europe) 

or south (Bijagós, Guinea-Bissau). This makes the Banc d’Arguin absolutely crucial 

for the well-being of many trans-Saharan migrants.  

The area is a major sanctuary and nursery site for fish and shrimp (Jager, 

1993; Schaffmeister et al., 2006), including an endemic subspecies of wedgefish 

Rhynchorhina mauritaniensis (Séret & Naylor, 2016), and few subspecies of the 

genus Cichlids (Kide et al., 2016). Among the 145 species recorded in the area, 

flathead grey mullets (Mugil cephalus) and meagre (Argyrosomus regius), two 

important sources of protein in West Africa, are known to use Banc d’Arguin during 

important stages of their annual life cycle (Boulay, 2009, 2013). Many of the 

migratory rays and sharks, including endangered species, breed in the seagrass beds 

of Banc d’Arguin (Valadou et al., 2006). From economic point of view it is estimated 

that at least 23% of the total, and up to 50 %, of the coastal, national fisheries of 

Mauritania originates from Banc d’Arguin (Guénette et al., 2014). This is a very 
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significant economical contribution in a country where 20-30% of the revenue comes 

from fisheries (Ould Mohamed, 2010).  

From a conservation point of view, the area has been historically protected by 

the lack of freshwater, which to a large extent prevented the locals and colonial forces 

from establishing and exploiting the resources. Since the establishment of the national 

park, the fishing practices have been reserved for a small (1000 heads) indigenous 

fishermen community, the “Imraguen”, with fishing restricted to the use of traditional 

techniques. Nowadays, regional and international fishing traders have established 

contact with the Imraguen. This resulted in new fishing practices that are not in 

harmony with the protection of the area (Lemrabott et al. in prep.). Concerns have 

been raised on the ongoing ray and sharks fishing. The shallowness and 

geomorphology of the area made it easy to overfish the concentrations of these 

species during their breeding season. The creation of the new ‘gold-mining’ town, 

“Chami”, on the eastern edge of the park, will without doubt also put more pressure 

on the resources of Banc d’Arguin.  

 Banc d’Arguin contains approximately 500 km
2
 intertidal flats, of which 80% 

are covered with seagrass beds especially Zostera noltii (Wolff & Smit, 1990). Little 

is known about the subtidal flats that are mostly covered with Cymodocea nodosa. In 

combination, the intertidal and subtidal seagrass beds play a vital role in the 

functioning of the system and its migrants. Nevertheless, relatively little information 

is available on their dynamics, resilience, and its abiotic and biotic drivers. Moreover, 

the effects of the mounting economic pressures on the ecosystem of Banc d’Arguin 

are not clear. Except from the daily monitoring of fish landings conducted by the 

Mauritanian Institute for Oceanography and Fisheries Research (IMROP) and the 

annual ringing and re-sighting expeditions of some selected shorebird species 

maintained by NIOZ Royal Netherlands Institute for Sea Research since 2002, the 

ecosystem of the area is not subjected to any long-term monitoring. This great hinders 
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assessment of the effects of the exploitation of resources on the ecosystem 

functioning and population dynamics.  

Thesis outline 

The objective of this thesis is to improve our understanding of the functioning of 

intertidal seagrass beds in Banc d’Arguin by assessing seagrass resilience at different-

scales and revaluate changes in seagrass-related communities (benthos, waterbirds) 

since the studies of the 1980s (Altenburg et al., 1982; Piersma, 1982; Wolff & Smit, 

1990; Zwarts et al., 1990, 1998a; Wolff et al., 1993a; Wijnsma et al., 1999). I also 

aimed to identify gaps in knowledge that might have strong implications for the 

conservation management necessary for this area. Finally, I will explore the idea of 

using the intertidal flats of Banc d’Arguin as a sentinel system for ecological change 

along the East Atlantic Flyway due to human effects on habitats and climate.  

In view of the pronounced ongoing changes to intertidal systems worldwide 

(see above), in Chapter 2 of this thesis we address historical spatio-temporal changes 

in seagrass cover in Banc d’Arguin using remote sensing and Landsat imagery 

archives. Because seagrass dynamics is a strong driver of benthic communities, 

seagrass cover change was coupled with a comparison of macrofauna community 

structure and secondary productivity between a historical (1986) and recent (2014) 

large-scale benthic surveys to reveal any shift in community composition and 

productivity.  

 In Chapter 3 we seek to characterise the morphology, nutrient content, and 

leaf isotope signatures of Zostera noltii across a wide hydrodynamic gradient in Banc 

d’Arguin. On this basis we then assess the temporal variability in seagrass stability 

and nutrient fluxes as well as the response to experimental nutrient overloads along a 

wave-force gradient. Such a study had not been conducted on pristine seagrass beds 

before. As the known seagrass die-offs were mainly correlated with eutrophication, 

such a study may have important implications for seagrass conservation in general.  
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 The Chapter 4 I experimentally examined the recovery of seagrasses 

following disturbances. Collapses of seagrass meadows in Banc d’Arguin have been 

reported before (de Fouw et al., 2016a), but there is a lack of studies on seagrass 

recovery potential and the environmental conditions that might affect the rejuvenation 

following large disturbances. In this chapter we studied the capacity of intertidal 

Zostera noltii meadows at their southern range limit to recover from different sized 

disturbances along an intertidal elevational gradient. We also analyse the 

environmental covariates of recovery rates using structural equation modelling 

(SEM). 

 In Chapter 5 the goal was to identify the biogeomorphical drivers of an 

important and unique landscape feature of Banc d’Arguin: the habitat mosaics of the 

upper intertidal. We combined observational studies and exclosure experiments to 

investigate how co-occurring greater flamingos Phoenicopterus roseus and fiddler 

crabs Uca tangeri promote their own and each other’s food availability by creating a 

spatial mosaic of depressions and hummocks. This chapter uses the pristine 

characteristic of the area to show some important ecological interactions (joint 

biophysical engineering by multiple species at rather large spatial scales) that might 

have been lost in many other coastal systems due to human-related disturbances. This 

insight might provide an argument to try to maintain the pristine state of protected 

areas and show their unreplaceable ecological role.  

 Chapter 6 evaluates the status of the waterbirds of Banc d’Arguin and reports 

on changes in their community composition. Here, we compiled seven complete 

counts since January 1980 with additional yearly counts made by the NIOZ-team in a 

subunit (Iwik region) since 2003. The chapter illuminates the important role of Banc 

d’Arguin within the East Atlantic Flyway, and tries to disentangle local, regional, and 

global human-effects of waterbirds communities.  

 In Chapter 7 I synthesise the research findings presented in the previous 

chapters and discuss what they mean for the conservation and the integrity of the 
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Banc d’Arguin ecosystem. I suggest avenues for future research and monitoring plans 

to guarantee that a biologically rich Banc d’Arguin will be there for future 

generations to enjoy.  
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Chapter 2: Dramatic correlated changes in seagrass cover, benthic community 

composition and secondary productivity at Banc d’Arguin, the premier coastal 

wetland along the East Atlantic Flyway  

 

Chapitre 2. Changements considérables et corrélés entre couverture en herbier, 

composition de la communauté benthique et productivité secondaire du Banc 

d’Arguin, le premier milieu humide côtier au long du corridor de migration Est-

Atlantique 

 

El-Hacen M. El-Hacen, Han Olff, Mohamed A. Sidi Cheikh, Tjeerd J. Bouma, and 

Theunis Piersma 

----------------------------------------------------------------------------------------------------------------------------------------------------------- 

 ملخص

تلعب التركيبة الهيكلية لحيوانات القاع في المناطق المدية دورا محوريا على مسار هجرات الطيور واالسماك  

العالمية، وإن انحسار وفقدان العديد من الموائل الساحلية والمهمة لهذه الحيوانات المهاجرة يتطلب منا فهما أعمق 

جودة هذه الموائل، وخاصة الموائل التي مازالت بكرا وطبيعية مية في وسومألسباب وأنماط التغيرات البيئية ال

تعد عنصرا رئيسيا على خط الهجرة الشرق  والتي حات المدية لحوض آرغين في موريتانياطالمس مثللحد كبير 

 غيرالل الغعلى الرغم من خضوعها لبرنامج حماية فريد وبطبيعتها الجغرافية المعزولة وغياب االست أطلسي.

لمواردها فقد ثبت لدينا من خالل هذه الدراسة حصول تغير دراماتيكي في هيكلة حيوانات القاع خالل معقلن 

28ال هذا التغير طويل األمد تم تقييمه من خالل مقارنة بين جرد استقصائي تم إجراءه سنة  سنة األخيرة.  1986 

2014وآخر حديث تم إجراءه  الحيوانات تحولت من مجموعات  هذه ةتشكيلالهيكلة في واتضح من خالله ان  

نتج عنه انخفاض كبير في  والذيالبحرية  واالصداف  تسودها الديدان الحلقية إلى أخرى تسودها القواقع

االنتاجية الثانوية القاعية، هذا االنخفاض يمكنه أن يفسر لحد ما االنخفاض المالحظ لبعض الطيور المهاجرة 

وفي األخير فقد  السلطانية مخططة الذيل. ةة في تغذيتها كطائر البقويقخاصة منها التي تفضل الديدان البحري

سبب وراء هذا التغير مرتبط بتغير في األنظمة المناخية )جفاف الساحل( أو ناتج عن الناقشنا ما إذا كان 

  الل البشري والتدخل في النظم البيئة.غاالست
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Résumé  

Les communautés benthiques des écosystèmes intertidaux à sédiments meubles ont 

un rôle crucial dans les routes de migrations des oiseaux et des poissons à l’échelle 

globale. L’actuel déclin des habitats côtiers pour ces migrants appelle à une bonne 

compréhension des modalités et des causes de la variabilité temporelle en qualité de 

l’habitat, ainsi qu’à une plus grande préservation des composantes des routes de 

migration. Les vasières intertidales du Banc d’Arguin, en Mauritanie, sont une 

composante clé du corridor de migration Est-Atlantique, au long des côtes d’Afrique 

de l’Ouest. En dépit de son statut protégé, de son isolement géographique et de 

l’apparente rareté des exploitations humaines, nous rapportons ici des changements 

considérables de la macrofaune benthique au long d’une période de 28 ans. Le 

changement à long terme a été évalué en comparant deux analyses benthiques à large 

échelle, l’une historique (1986) et l’autre plus récente (2014). La structure de la 

communauté s’est modifiée vers une domination complète des bivalves et une perte 

des vers polychètes. Ceci a été accompagné par un accroissement de la couverture en 

herbier par un facteur deux, les herbiers semblant favoriser les bivalves au détriment 

des polychètes. Cette transition au niveau de la communauté a résulté en une 

diminution significative de la production secondaire benthique. Ceci pourrait 

expliquer pourquoi certains oiseaux marins, en particulier la Barge rousse, qui se 

nourrit principalement de polychètes, ont vu leurs populations décliner à un rythme 

soutenu. Nous discutons les possibilités que ce changement soit dû à un changement 

du régime climatique (la sécheresse au Sahel) ou à l’impact direct des activités 

humaines sur cet écosystème relativement vierge. 

 

Abstract  

The benthic communities of soft-sediment intertidal ecosystems play a crucial role in 

the global flyways of birds and the swimways of fish. The ongoing decline of coastal 
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habitats for these migrants calls for good understanding of the patterns and causes of 

temporal variability in habitat quality, also for more pristine components of flyways. 

The intertidal mudflats of Banc d’Arguin, Mauritania, are a key component of the 

East Atlantic Flyway along the coast of West-Africa. Despite its protected status, 

geographical remoteness and seemingly light human exploitations we here show 

dramatic changes in the benthic macrofauna over a period of 28 years. The long-term 

change was evaluated by comparing a historical (1986) and recent (2014) large-scale 

benthic survey. The community structure changed towards one fully dominated by 

bivalves with a loss of polychaete worms. This was associated by a twofold increase 

in the seagrass cover, with seagrasses seemingly favouring bivalves over polychaetes. 

This community shift resulted in a significant decrease in benthic secondary 

production. This would explain why some migratory shorebirds, especially the 

polychaete-eating bar-tailed godwits, have shown steady declines. We discuss if this 

change is best explained by a changed climatic regime (end of the Sahel Drought) or 

by direct human impacts on this relatively pristine ecosystem.     

Introduction 

Regrettably the world has lost 64–71% of its wetland habitats since 1900 AD due to 

human development and activities (Davidson, 2014). As a result, hemispheric and 

more spatially limited seasonal migrants have to rely on the 30% remaining habitats 

for their survival. Among the most affected migrants are the long-distance migratory 

shorebirds that recently suffered tremendous declines across the world (Conklin et al., 

2014; van Roomen et al., 2015; Piersma et al., 2016; Senner et al., 2016). The cause 

of these declines has been mostly attributed to habitat reclamation and modification 

(Ma et al., 2014; Senner et al., 2016), which affects food supplies in these important 

feeding habitats. Food supply is perhaps the key driver of shorebirds habitat choice 

and survival (Piersma, 2012). Effective conservation plans of shorebirds require an 

urgent identification of the factors that might affect their food supply in key sites 

along the Flyways. 



22 

 

In addition to direct human impacts, the habitat suitability of coastal wetlands 

is expected to vary also due to other causes, such as catastrophic storm events, long-

term climatic cycles, and internal species-environment feedbacks. These effects may 

result from natural climatic variability or may be strengthened or damped in their 

effect by human-driven climate change. The current global loss of natural habitat can 

make migrant shorebirds more sensitive to such temporal variability in habitat 

suitability, especially in regions where few alternative habitats have disappeared. 

Habitat loss thus may have removed redundancies in the global Flyways, increasing 

sensitivity to natural variability in habitat quality. Quantifying this effect requires 

better quantification of the patterns and causes of temporal habitat suitability, not 

only in human-dominated but also in more pristine coastal ecosystems along 

Flyways.  

The Parc National du Banc d’Arguin, Mauritania is such a key wintering and 

staging area for shorebirds along the East Atlantic Flyway (Altenburg et al., 1983; 

Wolff & Smit, 1990; Delany et al., 2009). It is by far the largest, most important 

wintering and stopover site along the Sahara coast. The discovery of a discrepancy 

between the large number of shorebirds (Altenburg et al., 1982), and the low stocks 

of benthic prey (Piersma, 1982; Wolff et al., 1993a) has been a reason for continued 

observation and concern as the number of some wintering shorebird species at Banc 

d’Arguin has shown serious declines (Delaney et al. 2009; van Roomen et al. 2015, 

Rakhimberdiev et al. "in press"; chapter 6). At Banc d’Arguin human disturbance is 

still rather limited, but one of the key ecosystem engineers, Zostera noltii, has shown 

tremendous variations in cover at the landscape-scale, potentially related to climate 

variability (Sidi Cheikh et al. “in prep”). The presence or absence of seagrasses is 

strongly associated with the community of the microbenthic invertebrates that serve 

as food for birds (Honkoop et al., 2008; van Gils et al., 2012, 2016).  

Rainfall in the Sahel and Sahara West Africa is well-known for its many-

decadal cycles. Between 1970 and 1995 the regions went through a severe drought 
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cycle (the ‘great drought’), with rainfall reaching the lowest levels in 1984 (Hoerling 

et al., 2006). This led to the expansion of the Sahara desert (defined as the region with 

<100 mm rainfall/year) southwards in this same period (Hoerling et al., 2006). Only 

by the year 2005, this geographical limit had returned by its location in 1965 

(Hoerling et al., 2006). This expansion of the Sahara desert due to drought has had 

large implications for the westward dust transport, with impacts even notable in the 

Caribbean (Hoerling et al., 2006). A large impact on the coastal wetlands of West 

Africa of this dust is therefore likely, but this is rarely studied. The recent (short) 

2011 drought in northern Africa has been shown in a previous study to lead to 

extensive landscape-scale mortality of seagrasses in this system (de Fouw et al., 

2016a), with likely large implications of their associated benthic fauna, and thus also 

on shorebirds that feed on them. In the ‘great drought’ this likely was amplified by 

dust imports, leading to additional seagrass die-offs and associated benthic 

community change.  

For migrant shorebirds, shifts in benthic community composition associated 

with seagrass change may not necessary be negative and likely to be species-specific. 

For instant, the three most common shorebird species in Banc d’Arguin the red knot 

(Calidris canutus canutus), bar-tailed godwit (Limosa lapponica lapponica), and 

dunlin (Calidris alpina) are expected to respond differently to seagrass change 

depending on whether their preferred food items as worms and small bivalves are 

positively or negatively associated with seagrass abundance. Despite that the red knot 

is the most studied shorebird species along the East Atlantic Flyway, it is not a clear 

cut how seagrass cover change might affect its population. Red knot is a specialised 

molluscivorous feeding mostly in soft sediment on bivalves (Piersma, 2007) using a 

sensory system in its bill to detect buried prey items (Piersma, 2007). In the one hand, 

it has been shown that red knot prey searching efficiency and food intake to decrease 

with increasing seagrass cover and belowground complexity, which intervene with its 

detecting mechanism (de Fouw et al., 2016b). On the other hand, bivalves availability 

will increase with increasing seagrass cover (Honkoop et al., 2008). Yet not all 
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bivalve increasing densities will be beneficial for red knots as some species are toxic 

when exceeding certain thresholds in their diet (van Gils et al., 2005, 2013). Bar-

tailed godwit are expected to suffer from seagrass increase as their main food sources, 

polychaete worms (Perez-Hurtado et al., 1997; Scheiffarth, 2001; Duijns et al., 2013), 

are expected to decrease with increasing seagrass cover (Honkoop et al., 2008). 

Finally, dunlin appeared a generalist than feed on a wide range of items including 

polychaete, bivalves, and crustaceans (Perez-Hurtado et al., 1997; Iwamatsu et al., 

2007; Lourenço et al., 2016). Thus it is likely to be the least affected of the three 

species with seagrass cover change.  

Here we show and discuss dramatic changes in benthic macrofauna and 

seagrass cover in the Banc d’Arguin ecosystem between 1986 (Wolff et al., 1993a) 

and 2014 large-scale benthic surveys and satellite images of seagrass cover. We 

discuss if the Sahel drought and associated dust inputs may have been responsible for 

these changes.  

Study system and methods 

The study was conducted at Parc National du Banc d’Arguin, Mauritania (Fig. 2.1). 

Banc d’Arguin intertidal flats stretches over 500 km
2
, in which 80% are covered with 

seagrasses notably Zostera noltii (Altenburg et al., 1983; Wolff & Smit, 1990). The 

area borders the Sahara far from urban settlements and it is no longer affected by 

rivers (Wolff et al., 1993b) nor by human-waste discharges. The exploitation of the 

resources (mainly fishing) within the Park boundaries is restricted to the ‘Imraguen’ 

fishermen community, but only with the use of traditional fishing techniques.  

Macrofauna Surveys 

Based on the surveys by W.J. Wolff and associates in spring 1986 (see Wolff et al. 

1993; Wijnsma et al. 1999) and our own surveys in spring 2014 we evaluate the 

changes in macrofauna benthic community structure. The first survey (hereafter, 

historical) provided a baseline to the macrofaunal community structure of the area. 
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The second survey (hereafter, recent) was performed during the same time of the year 

(Jan-Apr) and covered the same geographical locations of the historical survey to 

reduce seasonal and spatial variabilities. A total of 60 historical stations and 40 recent 

stations were judged comparable considering the geographical approximation (Fig. 

2.1a) and the tidal level, and therefore used for the community change comparison. In 

the historical survey five cores (10 cm diameter, to a depth of 30 cm) were collected, 

pooled together (Wolff et al., 1993a), and sieved through a 0.6-mm mesh to represent 

a sampled station. In the recent survey two larger cores (15 cm in diameters, to a 

depth of 30 cm) were collected, pooled together, and sieved through 1-mm mesh to 

represent a sampling station.  

 

Figure 2.1. (a) Map of sample locations in the core intertidal flats of Banc d’Arguin, 

Mauritania. Samples were collected over two surveys, indicated by open symbols for 

1986 and by black dots for 2014 survey. Highlighted places indicate data logger 

locations. Dark grey shows intertidal flats, light grey depicts the sea, and the white 

represents the land. (b) and (c) show normalised difference vegetation index (NDVI) 

values of Jan-1986 and Nov-2014, respectively. Maps were created in Esri ArcMap 

10.4 (http://desktop.arcgis.com/en/arcmap/) based on Landsat imagery (NASA, 

scenes of January 12, 1985 and November 12, 2014) provided by USGS (NASA 

Landsat Program, 2016) at: http://earthexplorer.usgs.gov/.  

http://desktop.arcgis.com/en/arcmap/
http://earthexplorer.usgs.gov/
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To account for the lack of habitat description of the historical survey, the two cores of 

the recent survey were collected along an elevation gradient to cover the most 

prevailing habitat types (low, mostly dense seagrass vs. high, mostly sparse seagrass 

or bare sediment). Samples of both surveys were sorted, counted, preserved (5% 

formalin), and later processed in the laboratory (identification, weight, secondary 

production) in a similar way. Ash-free dry mass (AFDM) was measured for each 

species by drying to a constant weight at 60 °C for at least two days and then 

incinerated at 560 °C for 2 hours. 

Estimates of secondary production 

The annual macrofaunal somatic productivity (production/biomass: P/B, yr
-1

) and 

secondary production (P, KJ m
-2

 yr
-1

) were estimated for each taxa at each station of 

the historical and recent surveys using a recent empirical artificial neural network 

model. The model is implemented in Excel spreadsheets and is freely available via 

http://www.thomas-brey.de/science/virtualhandbook/. The model estimates of P/B 

take into consideration species’ taxonomical group, biomass (KJ), mobility and its 

feeding guild as well as the main environmental variables (water temperature and 

depth) that are known to affect benthic productivity. Prior P/B estimates, individual 

biomass (AFDM) was converted into energy content (KJ) using established 

conversion factors (Brey et al., 2010), which is also freely available as an Excel 

spreadsheet (v. 04-2012). Water temperature is recognised as the most important 

environmental condition affecting the productivity of benthos and thus was measured 

at the landscape scale. Five tide-loggers (ReefNet, Sensus Ultra, Canada) equipped 

with temperature-sensor were established around the island of Tidra (Fig. 2.1a) to 

monitor the temperature over 2015. The temperature of the five loggers showed no 

significant differences and hence their annual average (23.9 °C) was fed to the model 

to avoid bias toward certain seasons. Production of each taxon (Polychaeta, Mollusca, 

and Crustacea) per station was then estimated from multiplying P/B by the biomass of 

http://www.thomas-brey.de/science/virtualhandbook/
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the respective taxon, and the total P for each station was computed as the sum of all 

its taxa productivity. 

Seagrass cover change: NDVI calculation 

To investigate whether seagrass cover change corresponded with variation in 

macrofaunal community change, historical and recent normalised difference 

vegetation index (NDVI) values were computed for 3600 m
2
 buffer around each 

station. This buffer was large enough (4 pixels) to capture the errors resulting from 

the accuracy of the points yet small enough to maintain the average habitat type 

around the sampling points. NDVIs were calculated in Esri Geographic Information 

System (ArcMap 10.4) from 30 m spatial resolution Landsat images (scenes: 

12/Jan/1985, Jan-1987, Oct-2013, and 12/Nov/2014) provided by USGS (NASA 

Landsat Program, 2016) at: http://earthexplorer.usgs.gov/. Selected scenes had little 

cloud cover (< 0.5%) and were subjected to an atmospheric correction following 

(Vuolo et al., 2015; Young et al., 2017) prior NDVI calculation.  

Benthic community structure and environmental descriptors 

The correlative relationships between the benthic community structure and the most 

prevailing biophysical factors of the area were assessed during the recent survey as 

follow. At each sampling point, a 15-cm diameter core and two 35.34 cm
-3

 volumetric 

syringes were collected to characterise seagrass and sediment properties, respectively. 

Seagrass below- and aboveground dry biomasses (dried until constant weight at 70°C 

for 48 h) were determined per core. Leaf and internode (first ten rhizomes) lengths 

were measured on three fresh intact shoot-rhizomes. Leaf area (LA) was estimated on 

photos taken from the intact shoots with the freely available ImageJ software. 

Seagrass percentage cover of each sampling point was visually estimated with the aid 

of a 10 x 10 cm grid. Seagrass carbon (%C) and nitrogen (%N) contents were 

determined from dried and grinded leaf material with an elemental analyser (Type 

NA 1500 Carlo Erbo Termo Fisher Science, USA), coupled to a spectrometer 

http://earthexplorer.usgs.gov/
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(Thermo Finnigan Delta Plus, USA). Total phosphorus (%P), iron (‰ Fe), and 

aluminium (%Al) in leaf tissue was measured on an inductivity-coupled-plasma 

emission spectrophotometer (ICP) (Spectroflame, Spectro Inc), after digestion of 

dried material with nitric acid and hydrogen peroxide. Sediment characteristics such 

as median grain size (D50) and organic matter content (OM, loss of ignition at 500 

ºC) were determined for each sampling point. Sediment redox potential was measured 

at 5-cm depth using five Pt electrodes and one HgCl/KCl reference electrode 

connected to a GL220 Data logger (Graphtec GB Ltd., Wexham, UK). The readings 

were averaged and calibrated using a known standard hydrogen electrode. Wave 

exposure at each site was calculated with the open source software Wave Exposure 

Model (WEMo, Malhotra & Fonseca 2007) developed by NOAA and is implemented 

in ESRI ArcGIS 9.3. WEMo incorporates bathymetry, wind, fetch lengths, and 

shoreline morphology to calculate relative wave energy (J m
-1

).  

Statistical analyses  

Differences in taxon’ density and biomass, secondary production (P), and 

productivity (P/B) between the historical and recent surveys were tested with t-tests. 

Mann-Whitney U tests were used to test for differences in NDVI between the two 

surveys. The relationships between seagrass cover (NDVI) and the density of the 

different benthic taxa in both surveys were assessed with linear regressions. To meet 

normality assumptions biomass, P, and P/B data were log transformed, whereas 

density data were square-root transformed.  

 Biophysical (seagrass traits, sediment characteristics, and wave exposure) 

variables that were measured during the recent survey were analysed simultaneously 

to identify which were important in affecting the benthic composition at the 

landscape-scale. Conditional Inference Tree (CIT) an extension of ‘random forest’ 

approach (Breiman, 2001) was used to reduce the number of predictors and identify 

the most important factors influencing the benthic community composition. CIT is a 

machine learning technique that identifies best predictors in a suite of potentially 
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informative variables that may interact hierarchically (Olden et al., 2008). 

Conditional inference trees do not require additional pruning, allow for non-linear 

relationships, could handle continuous and categorical variables, and are not 

invalidated by multicollinearity (De’ath & Fabricius, 2000; Quinn & Keough, 2002; 

Olden et al., 2008). The explanatory variables used for CIT analysis include taxon 

abundance, seagrass cover, leaf %N, leaf %P, seagrass above-to-belowground 

biomass, leaf length, internode length, relative wave energy, sediment organic matter 

content, and sediment median grain size. The CIT was constructed in the R package 

‘party’ (Hothorn et al., 2015) and visualised with the package ‘partykit’ (Zeileis & 

Hothorn, 2014). The outcomes of the analysis (Appendix 2, Fig. S2.1) identified 

seagrass traits (cover, internode length, and leaf %N) as the most influential 

environmental factors, thus were subjected to further analysis. Bray-Curtis index of 

dissimilarity matrix (Hellinger transformed data) was computed to examine patterns 

in species and taxon compositions along seagrass cover gradient. Dissimilarities were 

visualised with a non-metric multidimensional scaling (nMDS) in ‘vegan’ package 

(Oksanen et al., 2016). Following the NMDS ordination, the function ‘envfit’ in 

‘vegan’ was used to determine relationships between species and taxon composition 

and seagrass cover. CIT and nMDS were computed at the sampling core level to 

increase its power and confidence. In total and from the 80 samples collected along 

an elevation gradient during the recent survey, 66 cores were used in these analyses 

and the other 14 cores were excluded as they were collected within close proximity (< 

150 m) from another core and thus could be consider as identical replicates. All 

statistical analyses were performed in R software (version 3.4.3, R Development Core 

Team 2017).  

Results 

Seagrass cover and benthic densities: historical and recent comparison 

Across the study area, there was a significant increase in NDVI between 1986 (mean 

0.3 ± 0.01 se, Fig. 2.1b) and 2014 (mean 0.39 ± 0.01 se, Fig. 2.1c), with the latter 
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values scoring higher than the 1980s values (t (201) = -3.75, P < 0.001). NDVI 

change (2014-1986) was significantly predicted by northing position (Fig. S2.2a, p < 

0.01) but not the easting (Fig. S2.2b, P = 0.5). NDVI significantly predicted Bivalvia 

densities for the historical (Fig. S2.3a, P < 0.01) and recent surveys (Fig. S2.3b, P < 

0.01). NDVI did not significantly predict Gastropoda densities neither for the 

historical survey (Fig. S2.3c, P > 0.05) nor for the recent one (Fig. S2.3d, P > 0.05). 

Polychaeta densities, on the other hand, were only significantly predicted by NDVI in 

the historical (Fig. S2.3e, P < 0.05) survey but not the recent one (Fig. S2.3f, P > 

0.05).  

Linking macrofauna community structure to environmental gradients: recent survey 

The variables most strongly associated with macrobenthic total abundance in 

conditional inference trees (CIT) model were seagrass rhizome internode length, leaf 

%N, and seagrass cover (Fig. S2.1). Differences in taxon composition along seagrass 

cover gradients were adequately represented by a two-dimensional NMDS ordination 

(stress = 0.1). Seagrass cover gradient were significantly correlated with species 

composition in NMDS space (Fig. 2.2a). Common species tended to group in few 

clusters in ordination space: (1) a few species occupying only very dense seagrass 

beds (Telina sp., Nassarius sp.); (2) a larger group of species present in more 

intermediate cover (Abra sp., Loripes orbiculatus, Prunum amygdala, Diplodonta 

diaphana, and Mesalia sp); (3) a group of species in more sparse seagrass habitats 

(Dosinia isocardia, Isopoda, Annelida, and Bulla adansoni); and (4) one species 

associated mostly with bare habitat (Senilia senilis). Taxa clustering showed less 

overlap with Bivalvia, Malacostraca, and Gastropoda occupying denser seagrass beds 

compared to Polychaeta that was associated mainly with sparse habitats (Fig. 2.2b). 

Benthic community structure and production: historical and recent comparison 

In the recent survey, Mollusca (without the bloody cockle Senilia senilis) and 

Annelida were the most frequent (approximately 80.5 and 11.5% of the total density 



31 

 

and 78 and 16% of total biomass, respectively), with Loripes orbiculatus, Abra sp., 

Annelid worms, and Dosinia isocardia accounting for more than 92 % of the total 

density and 94% of the total AFDM. 

 

Figure 2.2. NMDS ordinations showing the Bray–Curtis dissimilarity scores of the 

most important (a) benthic community species and (b) benthic taxa composition 

showing the distribution of samples along seagrass cover gradients.  

 

Bivalvia density and biomass were significantly higher in the recent survey than in 

the historical one (density: Fig. 2.3a, t (98) = -7.58, P < 0.001; biomass: Fig. 2.3b, t 

(98) = -4.23, P < 0.001). Gastropoda density and biomass were significantly lower in 

the recent survey than in the historical one (density: Fig. 2.3a, t (98) = 4.12, P < 

0.001; biomass: Fig. 2.3b, t (98) = 2.42, P = 0.02). Polychaeta density and biomass 

were also significantly lower in the recent survey than in the historical one (density: 

Fig. 2.3a, t (98) = 7.88, P < 0.001; biomass: Fig. 2.3b, t (98) = 3.6, P < 0.001). Both 

secondary production (P) and productivity (P/B) were significantly lower in the 

recent survey than in the historical one (P: Fig. 2.3c, t (98) = 4.5, P < 0.001; P/B: Fig. 

2.3d, t (98) = 8.72, P < 0.001).  



32 

 

 

Figure 2.3. Comparisons of the mean (± standard error) biomass (a), density (b), 

secondary production (c), and production-to-biomass ratio (d) of the most important 

benthic taxa found in two sampling periods (historical:1986 and recent: 2014). The 

African bloody cockle Senilia senilis was not included in the analyses. Comparisons 

between the two periods were performed using t-test (Significant difference levels, ns 

= P >0.05, *= P <0.05, ** = P <0.01, and *** = P <0.001).  

 

Discussion 

The aim of this study was to (1) assess the potential environmental drivers of benthic 

community structure at Banc d’Arguin intertidal flats, (2) compare benthic structure 

(biomass, species composition) between historical (1986) and recent (2014) large-

scale surveys, and (3) quantify the historical and recent production-to-biomass (P/B) 

of the area. Furthermore discuss the implication of the outcomes on the shorebirds 

population dynamics. Here, we found compiling evidence of a large-scale increase in 
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seagrass cover over the last decades in Banc d’Arguin intertidal flats. This seagrass 

cover increase resulted in a major shift in benthic community from polychaete to 

bivalves dominated system. Moreover, a substantial decline in benthic secondary 

production arose from this community shift, which might have severe consequence 

on benthic consumers especially shorebirds. Our results can be incorporated with 

existing data on shorebirds population in the study area (chapter 6) to gain 

mechanistic insight into the drivers of their dynamic in one of the key wintering and 

staging sites along the East Atlantic flyway. 

Linking macrofauna community structure to environmental gradients: recent surveys 

While seagrass meadows are declining at an alarming rate worldwide (Orth et al., 

2006; Waycott et al., 2009), intertidal flats of Banc d’Arguin experienced a 

substantial increase in seagrass cover over the last three decades (Fig. 2.1). This 

increase in seagrass cover cannot be explained by local human activities and is likely 

due to external environmental changes. The most pronounce environmental change in 

the region is the prolonged drought of the 1970s and 1980s, the Sahelian drought, that 

the area experienced and caused tremendous loss to biodiversity and vegetation cover 

(Niang et al., 2008; Zwarts et al., 2018). As a consequence atmospheric conditions 

also experienced major changes, e.g. the frequency and intensity of the dust storms 

increased remarkably during the peak of the drought years (Goudie & Middleton, 

1992; Prospero & Lamb, 2003). Dust storms affect sediment dynamic, which is a key 

player in seagrass stability and resilience (Folmer et al., 2012; Serrano et al., 2016). 

Sediment deposition could induce seagrass mortality directly through burial (Han et 

al., 2012; Hirst et al., 2017) or indirectly through adverse conditions such as anoxia 

(Brodersen et al., 2017). It could well be that the seagrass beds in Banc d’Arguin 

experienced severe die-back during the Sahel drought years as a result of increasing 

dust storms and sediment deposition. Over the years, the northern part of the study 

area appears to have gained more seagrass compared to the southern intertidal flats 

(Fig. S.2.2), suggesting that the sediment dynamic is indeed a prime suspect of the 
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observed seagrass patterns. The northern parts of Banc d’Arguin experience relatively 

strong wave forces that decrease southward (chapter 3), which will wash-out the soft 

sediment from the northern meadows and enhance sediment deposition over the more 

southern meadows. Thus, the observed increase in seagrass cover could be seen as a 

slow recovery to the pre-Sahelian-drought states. Indeed, a recent experimental study 

showed that the Zostera noltii of the area is characterise d by very slow recovery after 

die-off events especially higher on the intertidal gradient (chapter 4).  

Benthic community composition and biomass: historical and recent comparison 

The question whether the seagrass cover change was caused by sediment dynamic 

provoked by the Sahelian drought can only answered with sedimentation archive 

tracing techniques due to the lack of historical observations. The observed benthic 

community shift, however, is likely induced by the increase in seagrass cover. The 

separations in conditional inference trees (CIT) analysis of the benthic abundances 

were only associated with seagrass traits (internode length, leaf %N, and cover). 

Surprisingly, sediment characteristics (OM, grain size; see Cozzoli et al. 2013) did 

not rank among the most influential factors affecting the benthic community 

abundances. This lack of a correlation between benthic diversity and sediment 

heterogeneity is a trend that has been shown before for bivalves in a comparative 

study across many intertidal systems (Compton et al., 2008). Furthermore, our 

multivariate analysis also revealed that the benthic community composition was 

affected by a gradient of seagrass cover. Seagrass cover was previously shown to 

control benthic composition and biomass (Honkoop et al., 2008; Bouma et al., 

2009).The observed benthic shift was characterise d by a loss of polychaete and an 

increase in bivalves. Historically, polychaete were by far the most important taxa in 

term of biomass and diversity (see, Piersma 1982; Gillet 1990; Wolff et al. 1993). In 

the recent survey polychaete, nevertheless, were not abundant compared to molluscs 

across Banc d’Arguin intertidal flats, which is in accordance with the findings of the 

long-term monitoring of Ahmedou Salem et al., (2014) around Iwik peninsula. This 
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shift in benthic assembly is likely to affect the movement and habitat choice of 

shorebirds that are known to have their own prey preferences (Piersma et al., 1993; 

van Gils et al., 2005; Oudman et al., 2016). The increase in total bivalve abundances 

was mainly caused by two species, Loripes orbiculatus and Abra alba. The lucinid 

bivalve Loripes o., the most abundant species, is an important species for the 

functioning of seagrass through their beneficial mutualistic relationship (van der 

Heide et al., 2012; Petersen et al., 2016), is also known to be toxic for shorebirds 

when exceeding certain thresholds in their diet (van Gils et al., 2013). Dosinia 

hepatica is another important bivalve for shorebirds from an energetic and 

palatability viewpoints (Onrust et al., 2013) showed a marked decrease since the 

1980s (Piersma, 1982; Wolff et al., 1993). Recent study found that red knot Calidris 

canutus canutus feed more and more on seagrass rhizomes- a poor quality food- 

because they cannot reach their usual prey items due to a body shrinkage in response 

to global warming (van Gils et al., 2016). This feeding on low quality behaviour 

might have been amplified by the scarcity of preferred prey that are not toxic such as 

polychaete and Dosinia h.  

Benthic secondary production: historical and recent comparison 

The change in benthic composition was accompanied by a considerable reduction in 

secondary production (P/B), four orders of magnitude (Fig. 2.3c, d). Our results 

suggest that this reduction in P/B is not related to a reduction in the total benthic 

biomass in the system (Fig. 2.3a), but rather attributed to an increase in bivalves 

compared to polychaete. P/B ratios are generally low in benthic communities that are 

dominated by large and slow-growing taxa such as molluscs and echinoderms (Mistri 

& Ceccherelli, 1994; Cusson & Bourget, 2005). The P/B values presented here are 

generally in accordance with those estimated along the East Atlantic Flyway with 

various studies showing the P:B ratios to vary from 0.15 to 1.6 y
−1

 (Asmus & Asmus, 

1985; Arias & Drake, 1994; Bolam et al., 2010; Fuhrmann et al., 2015; Degen et al., 

2016; Paar et al., 2016). The intertidal flats of the Portuguese coast, however, seem to 
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score higher P/B (>2 y
−1

) compared to other European mudflats (Sprung, 1994; 

Dolbeth et al., 2003). Thus, our historical P/B values (~2) were among the highest 

along the East Atlantic Flyway, while the recent values ranked among the lowest 

(~0.5). Our P/B estimates underestimate the productivity in Banc d’Arguin as we did 

not take into account the large African bloody cockle Senilia senilis into account, a 

species that is hardly consumed by shorebirds due to its thick shell. However, in view 

of the paucity in P/B data for Banc d’Arguin intertidal systems, previous hypotheses 

such as the riddle of Banc d’Arguin can now be re-evaluated. For example, one of the 

ideas is that the area ought to have high P/B to sustain the large amount of consumers. 

The historical P/B estimation indeed support this hypothesis, but the recent estimation 

of P/B, which is approximately four times lower that the historical estimation, raises 

question whether the idea still hold nowadays, a point with implication for shorebird 

conservation.  

A caveat of the present study, however, is that sampling in both surveys was a 

snap-shot rather than a time-series leaving an important gab about seasonality and 

inter-annual variability at the landscape scale. Although causality between the 

observed benthic changes and environmental variables cannot be directly established 

here, strong indications do support the idea that the observed benthic community shift 

is a response to a gradual increase in seagrass cover. Establishing long-term benthic 

monitoring programs at the landscape-scale should be a priority in order to 

understand better and maybe reverse the decline in shorebirds along the Flyways.  

 In summary, our results demonstrated a benthic community shift from 

polychaete to bivalves dominated intertidal flats, in concordance with increasing 

seagrass cover. This shift resulted in a substantial decrease in the secondary 

production as well as important prey items for shorebirds. These outcomes add 

further concerns to the future of shorebirds along the East Atlantic Flyway; beside the 

loss of habitats the loss of favourable food items appeared to be an important aspect 

that should be taken into account for future conservation and management measures.  
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Appendix 2 

 

 

Figure S2.1. Output of the conditional inference tree characterising the 

environmental factors affecting the total abundance of benthic taxa in the top 30 cm 

of sediments collected in 2014 at the landscape-scale in Banc d’Arguin. Boxed 

numbers indicate the node number. The minimum splitting criterion for all nodes 

displayed in the tree is P < 0.01. Boxplots show abundance values per node. The final 

explanatory variables are cover= seagrass cover, Internode= average rhizomes 

internode length, and TN= % leaves nitrogen content. Each of the split is labelled 

with the variables names and its values that determine the split. 
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Figure S2.2. Relationship between normalised difference vegetation index (NDVI) 

change and the geographical location in Banc d’Arguin intertidal flats. The change is 

calculated as (NDVI of 2014 – NDVI of 1986), positive values indicate an increase in 

cover. 
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Figure S2.3. Relationships of normalised difference vegetation index (NDVI) and the 

square-root densities of the most important three benthic taxa in Banc d’Arguin 

collected over 1986 (left panels) and 2014 (right panels). African bloody cockle 

Senilia senilis was not included in the analysis.  
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Chapter 3: Seagrass sensitivity to collapse along a hydrodynamic gradient: 

evidence from a pristine subtropical intertidal ecosystem  

 

Chapitre 3. Susceptibilité d’herbiers marins à l’effondrement : preuves 

apportées par un écosystème intertidal subtropical préservé 

El-Hacen M. El-Hacen, Tjeerd J. Bouma, Laura L. Govers, Theunis Piersma, and Han 

Olff 

---------------------------------------------------------------------------------------------------------------------------------------------------------- 

 ملخص

التشبع الغذائي الناتج عن االستخدام المفرط لألسمدة الزراعية سبب انهيار وتدمير العديد من مسطحات  

من المتوقع أن يتباين تأثير الزيادة المفرطة في المغذيات على األعشاب البحرية و  االعشاب البحرية حول العالم،

على استقرار هذه المروج ومحتواها من المغذيات وكذلك ردة فعلها  لواقعة على تدرج في القوى المائية الدافعةا

لقد قمنا في هذه الدراسة بعمل مسح وتقييم واسع النطاق  اتجاه الزيادة المفرطة لهذه المغذيات المعدنية.

, طبيعة تشكلها )توزيع الكتلة الحيوية للمسطحات المكسوة باألعشاب البحرية في حوض آرغين من أجل وصف

وجين ، الفسفور ، نترمؤشر طول ومساحة األوراق، طول وطبيعة الجذور( ومحتواها من المغذيات )كربون ، ال

( والنظائر المعدنية )الكربون والنتروجين( على طول تدرج كبير في القوى المائية الدافعة ومن األلمنيومالحديد ، 

ثير الفصول السنوية على استقرار هذه المسطحات وتدفق المغذيات المعدنية وكذلك ردة فعل ثم قمنا بدراسة تأ

، الفوسفور ، ونتروجين وفسفور معا(، هذه  )نتروجين ثالث مسطحات عشبية لتجربة تسميد مفرطة ب

المسح  وضعيفة(., معتدلة , )قوية  الهيد وديناميكيةلتمثل ثالثة مستويات من القوى  اختيرتالمسطحات الثالثة 

والتقييم الميداني الواسع النطاق كشف لنا عن وجود عالقة سلبية بين محتوى األعشاب من النتروجين والفسفور 

كلما زادت قوى األمواج والتيارات البحرية كلما نقص مستوى  من جهة والقوى المائية الدافعة من جهة أحرى:

إلى  انتروجين / على الفسفور يشيرنال ةويات النتروجين ونسباالنخفاض العام في مست المسطحات من المغذيات.

التغير الموسمي في غطاء ووزن الكتلة العشبية أظهر أن  النتروجين.أن المنطقة تعاني أساسا من نقص في 

 ضعيفة. هايد وديناميكيةالمناطق التي تخضع لتيارات وأمواج قوية أكثر استقرارا من المناطق التي تخضع لقوى 

فقط في المنطقة  النيتروجيندل على تحول موسمي في مصادر  النيتروجينير الموسمي في مؤشر نظير التغ

المعرضة للتيارات القوية ، أما نتائج تجربة التسميد فقد أظهرت أن اإلضافة المفرطة لعنصر النيتروجين أدى 

األعشاب الواقعة في المنطقة  إلى موت األعشاب البحرية في المطقة الخاضعة ألمواج قوية في حين تبين أن
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هذه النتائج مجتمعة أظهرت أن زيادة قوى األمواج يصاحبه عادة  الهادئة كانت حساسة أكثر بعنصر الفوسفور.

استقرار عام في مسطحات األعشاب البحرية لكن في نفس الوقت نقص في المغذيات المعدنية وحساسية مفرطة 

 للتشبع الغذائي.

Résumé 

L’eutrophisation est une cause de pertes immenses d’herbiers marins dans le monde. 

Les effets de la charge en nutriments varient au long de gradients environnementaux, 

et il est attendu que la force des vagues, en particulier, affecte la stabilité des prairies, 

le statut des nutriments ainsi que les réponses à l’approvisionnement en nutriments. 

Ici, nous avons réalisé un relevé du système d’herbiers intertidal subtropical préservé 

du Banc d’Arguin, en Mauritanie, pour caractériser Zostera noltii en termes de 

morphologie (allocation de la biomasse, longueur et aire foliaires, distance entre-

nœuds des rhizomes), de teneur en nutriments (carbone : C, azote : N, phosphore : P, 

fer : Fe, aluminium : Al) et de signatures δ
13

C et δ
15

N, au long d’un gradient ample de 

conditions hydrodynamiques. Nous avons ensuite évalué la variabilité temporelle de 

la stabilité des herbiers et des flux de nutriments, ainsi que les réponses à des 

évènements de fertilisation expérimentale (impulsions de +N, +P, +N+P) entrepris sur 

trois prairies représentant différent degrés de forces de vagues (prairie exposée, 

intermédiaire et abritée). L’étude à grande échelle a révélé une augmentation marquée 

de la limitation en N et en P à mesure que l’énergie des vagues augmente. Les valeurs 

généralement basses de %N foliaire (1.74 ± 0.04 ; moyenne ± erreur type) et du ratio 

N:P (8.67 ± 0.14) suggèrent que N est limitant dans la zone. La variation saisonnière 

en couvert végétal de l’herbier et en biomasse montre que le site exposé est le plus 

stable, et le site abrité le moins stable. La variation des signatures δ
15

N indique des 

transitions saisonnières en source de N, au niveau du site exposé uniquement. Les 

fertilisations avec +N et +N+P ont accru la mortalité de l’herbier au niveau du site 

exposé, alors que sur le site abrité l’herbier a été dégradé par +P. Dans l’ensemble, 

nos résultats indiquent qu’avec l’accroissement de la force des vagues, la stabilité des 
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herbiers augmente, mais la limitation en nutriments et la vulnérabilité face à 

l’eutrophisation augmentent également.  

 

Abstract  

Eutrophication drives seagrass losses across the globe. However, as effects of nutrient 

overloads are expected to vary along environmental gradients it is important to 

understand how wave-forces affect the nutrient-status, stability, and the response of 

seagrass to eutrophication. Here, we used the pristine subtropical intertidal seagrass 

system of Banc d’Arguin, Mauritania to characterise the morphology (biomass 

allocation, leaf length & area, rhizome internode length), nutrients (carbon: C, 

nitrogen: N, phosphorus: P, iron: Fe, aluminium: Al) content, and δ
13

C and δ
15

N 

isoscapes of Zostera noltii across a wide hydrodynamic gradient. We then assessed 

temporal variability in seagrass stability and nutrient fluxes as well as its response to 

experimental fertilisation (pulses of +N, +P, +N+P) on three meadows representing 

different wave-forces (exposed, intermediate, and sheltered). The large-scale survey 

revealed a marked increase in N and P limitation with increasing wave energy. The 

overall low leaf %N (1.74 ± 0.04; mean ± se) and N:P ratio (8.67 ± 0.14) also 

suggests that the area is N-limited. Seasonal variation in seagrass cover and biomass 

showed the exposed site to be the most stable meadow and the sheltered site the least 

stable. Variation in δ
15

N signatures indicates a seasonal shift in N sources at the 

exposed site only. Fertilisation showed that +N and +N+P enrichments to induce 

seagrass mortality at the exposed site, while at the sheltered site it was +P that 

degraded seagrass. Collectively, our results indicate that nutrient limitation, seagrass 

stability and vulnerability to eutrophication to increase with increasing wave-forces.  

Introduction 

Human increasing use and exploitation of coastal systems have impaired the majority 

of seagrass beds around the world (Short & Wyllie-Echeverria, 1996; Orth et al., 
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2006; Waycott et al., 2009). Of all human-related disturbances, eutrophication-

induced mortality is considered the most destructive factor for seagrasses (Burkholder 

et al., 2007). Eutrophication (mainly excess nitrogen) stimulates the growth of 

phytoplankton, epiphytes, and the ephemeral macroalgae (Duarte, 1995; Viaroli et al., 

2008), which kills seagrasses through shading and light limitation (Short et al., 1995). 

Eutrophication generally occurs at the landscape scale (Green et al., 2004) leading to 

mass mortality in seagrass beds and subsequently provoking sediment suspension 

(Maxwell et al., 2017), which will further hinder their recovery (Folmer et al., 2012) 

and could triggers a regime shift (van der Heide et al., 2007). Potential responses of 

seagrass to eutrophication are usually assessed with nutrient addition experiments. 

Across sites meta-analyses on the responses of seagrass to experimental fertilisation 

studied at small scales (Leoni et al., 2008; Östman et al., 2016) show that these 

responses are not always uniform across systems (Jiménez-Ramos et al., 2017). 

Assessing the effect of nutrients enrichment on seagrasses along hydrodynamic 

gradients remains a major challenge (but see Armitage and others 2005, 2011). The 

paucity of ecosystems that are large and untouched enough limit the opportunities for 

addressing this question at landscape scales. 

Hydrodynamics vary in space and time (Paul & Amos, 2011), creating 

environmental gradients at the landscape-scale. Intertidal seagrass communities are 

profoundly affected by hydrodynamic forces (Fonseca and Bell 1998; Turner and 

others 1999; van Katwijk and Hermus 2000; Cornelisen and Thomas 2004; Peralta 

and others 2006; Vacchi and others 2012). Wave-action and tidal flow not only 

impose physical stress on seagrass, but also spatially and temporally affect sediment 

dynamic and nutrient supplies (Morris et al., 2008, 2013; Malta et al., 2017). Global 

warming is expected to exacerbate the intensity and frequency of the extreme weather 

events such as floods, drought, and storms (Easterling et al., 2000; Jentsch et al., 

2007; IPCC, 2012). Such extreme events together with the accelerating sea-level rise 

are likely to affect hydrodynamic regimes and sediment dynamics, and thus seagrass 
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resilience (Cardoso et al., 2008; Grilo et al., 2011; Jeanson et al., 2014; Malta et al., 

2017).  

The extensive intertidal flats of Parc National du Banc d’Arguin, Mauritania, 

West Africa, harbour one of the most pristine and extensive seagrass beds on Earth 

(Campredon, 2000; Folmer et al., 2012; de Fouw et al., 2016a). Giving its large-scale 

and clear gradient in wave exposure, the Banc d’Arguin provides an ideal system to 

experimentally investigate the separate and interactive effects of hydrodynamic and 

nutrients enrichment on the resilience of seagrass beds. The area has three potential 

external sources that could affect its nutrient budget: (1) the active upwelling zone of 

Cap Blanc (Steinfeldt et al., 2015), (2) dust of the Sahara (Neuer et al., 2004) and (3) 

the large number of breeding seabirds (Anderson & Polis, 1999). The extent to which 

these systems may affect the nutrient status of the seagrass beds of Banc d’Arguin is 

presently unclear.  

Owing to its sensitivity to changes in nutrient conditions, seagrass 

morphology and stoichiometry are increasingly used as ecological indicators to infer 

coastal ecosystem processes, nutrient limitation as well as an early warning sentinels 

for regime shifts (Duarte, 1990; Grice et al., 1996; Fourqurean et al., 2007; 

Burkholder et al., 2013). It has been suggested that seagrass leaf %N and %P contents 

are indicators of nutrient limitation (Duarte, 1990) and nutrient loading (Govers et al., 

2014b). Biomass allocation (Herbert & Fourqurean, 2009; Armitage et al., 2011) as 

well as leaf and rhizomes internode lengths (Marbà and Duarte 1995; Peralta and 

others 2000; Cabaço and Santos 2007; Balestri and Lardicci 2014) have been 

associated mostly with nutrient availability and sediment dynamics. Leaf isotopic 

ratios (δ
13

C & δ
15

N), on the other hand, proven to be powerful tracers for the sources 

of nutrients in the system (Lepoint et al., 2004). For instance, abundances of δ
15

N in 

the tissues have been widely used to infer the sources of N in the system (Lepoint et 

al., 2004). Values of δ
15

N increase when it originates from an external source rather 

than being fixed in situ (Schrama et al., 2013). δ
13

C values tend to decrease with tidal 
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elevation reflecting bicarbonate (HCO3
-
) signals lower on the gradient and 

atmospheric CO2 signals higher on (Lepoint et al., 2003; Ruesink et al., 2015), a trend 

has been shown to occur to Z. noltii in our study area (Clavier et al., 2011). Finally, 

iron (Fe) and aluminium (Al) trace elements proved to be indicators for Saharan dust 

input into the adjacent marine systems (Kramer et al., 2004; Baker et al., 2006b; 

Castillo et al., 2008).  

The objective of this study was to understand how differences in 

environmental setting occurring along hydrodynamic gradients affect seagrass 

stoichiometry and stability, and subsequently its sensitivity to collapse in response to 

nutrient pulses (i.e., artificial fertilisation). We combined a snapshot large spatial-

scale survey, a two year detailed survey of 48 plots, and a field fertilisation 

experiments at three sites in the hydrodynamic gradient to: (1) characterise the effect 

of wave-energy gradient and distance to breeding birds on nine variables from 

seagrass morphology and stoichiometry as well as two sediment variables; (2) 

identify the temporal variability in seagrass morphology, stoichiometry, and stability 

on three sites representing different hydrodynamic regimes (exposed, intermediate, 

and sheltered); and (3) experimentally assess the responses of seagrass to nutrients 

addition on these sites.  

Materials and methods 

Study system 

This study was conducted across the intertidal parts of the Parc National du Banc 

d’Arguin (PNBA), Mauritania (Fig. 3.1A). The intertidal system of PNBA contains 

the largest intertidal seagrass beds in Africa (500 km
2
; Wolff and Smit 1990). The 

dwarf eelgrass Zostera noltii is the most dominant intertidal species and the main 

primary producer of the system (Wolff et al., 1993b). Higher on the intertidal gradient 

the opportunistic macro-algae Vaucheria seems to compete with Z. noltii for space 

and possibly resources, especially in areas with high sedimentation rates. In PNBA 
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the precipitation is very low (<100 mm, Ahmedou and others 2008) and the wind is 

abundant year-round, reaching on average 9 m s
-1

 in May-June and 6 m s
-1

 in 

November-December with predominately northern winds (ould Dedah, 1993).  

Hydrodynamic gradient and wave energy calculation 

The open source software Wave Exposure Model (WEMo, Malhotra & Fonseca 

2007) was used as a proxy for chronic hydrodynamic forces at our study sites (263 

stations). The model was developed by the National Oceanic and Atmospheric 

Administration (NOAA) and is implemented in ESRI ArcGIS 9.3 software. WEMo 

incorporates the surrounding water masses (GIS bathymetric map) and the strength 

and direction of the wind (separate data file) to calculate fetch length (calculated in 32 

compass directions) and then 11 indices related to wave exposure. In order to conduct 

the exposure index, we first created a bathymetric map for the study area on a 30 m 

resolution (Fig. 3.1A) based on a Landsat 8 Satellite Imagery, scene of January 2016 

(for description of the technique see, Jagalingam and others 2015). The bathymetric 

map was calibrated with field depth measurements by Jager (1993) plus extra ground 

trothing measurements around Iwik peninsula by Sidi Cheikh and others (Unpub. 

data). Wind data were obtained for the period 1980-2016 from MERRA product 

publicly available online (http://disc.sci.gsfc.nasa.gov/mdisc/data-holdings/merra/). 

Spatial wave energy distribution (J m
-1

) and the average wave height (m) were 

extrapolated to the core intertidal flats of Banc d’Arguin around the island of Tidra by 

IDW interpolation (Spatial Analyst Tools, ArcGIS) based on the 263 stations 

simulated by WEMo. 

Seagrass survey and fertilisation experiment 

The effect of hydrodynamic gradient on seagrass morphology and stoichiometry as 

well as sediment characteristics was determined at a spatial scale on 160 stations; 90 

stations chosen along nine channels with different wave-exposure (Fig. 3.1A), and 

another 70 randomly selected stations. Then, a total of 48 permanent plots (1 m
2
,16 

http://disc.sci.gsfc.nasa.gov/mdisc/data-holdings/merra/
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plots in 4 blocks per site) were established on three sites representing different wave-

forces (Table S3.1) to investigate seagrass temporal stoichiometry, morphology, and 

stability as well as its responses to experimental fertilisation (Control: C, nitrogen 

addition: +N, phosphorus addition: +P, and +N+P).  

 Treatments were randomly assigned within each block. Fertilisation was 

applied in an even manner with the aid of a grid of 10 x 10 cm
2
 by injecting the 

treatment beneath the seagrass shoots into the rhizosphere. For nitrogen treatment, 

small syringes (2 cm in diameter) with the tip cut off were used to inject 350 g/m
2
 

Osmocote
® 

slow-release granules fertiliser (g:g:g ratio N:P:K 35:0:0) with a lifespan 

of 8-9 months. Phosphorus was applied by injecting (to a 10 cm depth) high dose of 

granule hydrated tri-calcium phosphate (“CaPO4”) solution (400g in 2 L of 

seawater/m
2
) with 70 mL syringes (see appendix, Christianen and others 2012). 

Nitrogen release was estimated as 41 g m
2
 per month, a nutrient loading rate 

exceeding thresholds that cause eutrophication (Connell et al., 2017).Treatments were 

applied once at the start and the response of seagrass was assessed six month later.  

Sampling and measurements 

The measurements below were conducted in a similar manner for the survey’s 

stations and the fertilisation plots. Seagrass biomass was sampled in each plot by a 

cylindrical PVC core (15 cm diameter) up to a depth of 20 cm. The collected 

substrate was sieved over a 1-mm mesh sieve. Above- and belowground seagrass 

biomass was separated. Morphological parameters (leaf and internode length) were 

measured on three fresh intact shoot-rhizome samples from each core, and their first 

ten rhizome internodes were measured to the nearest 0.1 mm as well as the shoot 

length. Leaf area (LA) was estimated on photos taken from the intact shoots with 

ImageJ software (freely available online). Seagrass cover within each plot was 

visually estimated on 0-100% scale using a 10 x 10 cm grid. Diatoms densities 

(µg.cm
-2

) were estimated with fluorescence-calibrated device, BenthoTorch (bbe-

Moldaenke BenthoTorch, Germany). Other relevant abiotic factors were measured 
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once for each sampling station, including sediment samples to determine median 

grain size (D50) and organic matter content (loss of ignition at 500 ºC). Distance to 

seabird colonies was measured in Google Earth.  

In the laboratory, the above- and belowground biomass was dried until 

constant weight at 70 °C for 48 h, weighed and then grinded for nutrients and stable 

isotope analyses. To assess seagrass nutrient status and isotopic signals, dried and 

grinded leaf material was used to determine the percentage of carbon (%C), nitrogen 

(%N), δ
15

N and δ
13

C with an elemental analyser (Type NA 1500 Carlo Erbo Termo 

Fisher Science, USA), coupled to a spectrometer (Thermo Finnigan Delta Plus, 

USA). Total phosphorus (%P), iron (‰ Fe), and aluminium (%Al) in leaf tissue was 

measured on an inductivity-coupled-plasma emission spectrophotometer (ICP) 

(Spectroflame, Spectro Inc), after digestion of dried material with nitric acid and 

hydrogen peroxide. Grain size was determined on freeze-dried and sieved (1 mm 

mesh) samples by laser diffraction on a Malvern particle size analyser (Master 2000).  

Statistical analyses 

We sought to characterise the environmental gradient related to hydrodynamic forces 

using ordination approaches. Detrended correspondence analysis (DCA) and principal 

component analysis (PCA) were considered to summarise the environmental gradient 

along the wave energy index and to identify the main variables that might affect the 

seagrass response to fertilisation. Gradient lengths from DCA were very short (< 0.1), 

suggesting that PCA analysis was more appropriate (Lepš & Šmilauer, 2003). Thus, 

only PCA results are presented. Seagrass morphology (leaf area (LA), leaf length, 

leaves density, below-to-aboveground biomass ratio), stoichiometry (%N, %P, %Fe), 

and isoscapes (δ
15

N, and δ
13

C) as well as sediment characteristics (D50, OM) from 

the 160 stations were used for the PCA. Prior PCA analysis, some variables were (log 

+1) transformed to ensure normality and homogeneity of each variable. The circle of 

equilibrium contribution was used to visualise the significance of the variables. This 
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circle defines a region beyond which variables can be interpreted with great 

confidence (Legendre & Legendre, 1998). 

The spatial patterns in variables that might affect the response to fertilisation 

(seagrass stoichiometry, sediment OM, and grain size) were examined with linear 

regression to test for the ability of RWE to predict changes and trends in these 

variables. Furthermore, descriptive results of seagrass %N, %P, N:P, δ
15

N, sediment 

OM and grain size were presented as contour maps generated using a gridding 

interpolation (Kriging technique in Spatial Analyst Tools, ArcGIS) based on 160 

stations to describe spatial trends at a system-scale. 

The seasonal (winter vs. spring) changes of seagrass’ morphology, 

stoichiometry and stability along the exposure gradient (exposed, intermediate, and 

sheltered) were analysed with two-way analysis of variance (ANOVA). Parametric 

assumptions were checked on the residuals and data were transformed when 

necessary. To assess the seasonality without effect from the fertilisation treatments, 

only controls and samples from Jan 2013 (just before the application of the 

fertilisation) and May 2015 (two years later) were used for the analysis. 

To compare the magnitude of differences in seagrass response to fertilisation 

across an exposure gradient, effect size analysis was estimated as the natural log of 

response ratios, LRR = log (treatment/control) calculated following Hedges and others 

(1999). The log response ratio was chosen over other methods because its high 

capacity to detect true effects and their robustness in small sample sizes (Lajeunesse 

& Forbes, 2003). Mean effect size ± CI of treatments were calculated using the R 

package “Metafor” (Viechtbauer, 2010) and were considered significant if the 95% 

CI did not overlap zero.  

All statistical analyses were conducted with the statistical software R (version 

3.4.3, R Development Core Team 2017, Vienna, Austria; available at: http://www.R-

project.org).  

http://www.r-project.org/
http://www.r-project.org/
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Results 

Wave exposure across the Banc d’Arguin and at the fertilisation sites 

Relative wave energy (RWE) showed great variability across Banc d’Arguin (Fig. 

3.1B) with an average ± se of 2681 ± 84 J m
-1

. As expected, there was a strong north 

to south gradient, ranging from 23031 in the north to 0 J m
-1

 at the isolated inner 

intertidal flats (Fig. 3.1B). The eastern-side of the island of Tidra showed a gradual 

south-ward decrease in wave energy (Fig. 3.1B), whereas the western side seemed to 

experience more heterogeneity in wave action due to the complexity of the mudflats 

and water bodies (Fig. 3.1A, C).  

 

Figure 3.1. (A) Detailed bathymetric map of Banc d’Arguin, Mauritania, and the 

emerging mudflats at low tide (grey) based on Landsat 8 image. Black circles 

represent the landscape survey sampling stations. Abbreviations of long-term study 

sites: E = exposed; I = intermediate; and S = sheltered. (B) Spatial relative wave 

energy distribution (RWE, J m
-1

) and (C) the average wave height (m) in the core 

intertidal flats of Banc d’Arguin, obtained by IDW interpolation (Spatial Analyst 

Tools, ArcGIS, based on 260 stations) of relative wave energy and wave height, 

respectively, simulated by wave exposure model (WEMo).  
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The selected sites for the fertilisation experiment had RWE’s of 3639 in the exposed 

site, 1629 for the intermediate, and 676 J m
-1

 for the sheltered site. Additional 

information on the initial conditions of these sites is summarised in Table S3.1, based 

on the spatial survey data (see below).  

Main environmental gradient characteristics in Banc d’Arguin 

PCA ordination revealed a subtle environmental gradient related to hydrodynamic 

forcing as indicated by the RWE and sediment characteristic such as median grain 

size (D50) and organic matter content (OM) along the first axis (Fig. 3.2) and another 

gradient seemingly related to tidal elevation represented by seagrass isotopic 
13

C-

values (d
13

C) and seagrass density (PCA2 in Fig. 3.2).  

 

Figure 3.2. Plot of the first two dimension of principal component analysis (PCA) for 

sediment properties, seagrass traits, and wave energy gradient. RWE = relative wave 

energy (J m
-1

), D50 = sediment median grain size, B:A = seagrass 

belowground/aboveground biomass ratio, D to bird colonies = distance to the nearest 

birds’ breeding colonies or major roosting sites (m), d
15

N= leaf nitrogen isotope, %P= 

leaf phosphorus content, seagrass density = leaves density (# m
2
), leaf length = 

average leaves length (mm), LA= average leaf area (cm
2
), %N= leaf nitrogen content, 

‰ Fe= leaf iron content, % OM= sediment organic matter content and d
13

C= leaf 

carbon isotope. Variables with heads outside of the grey equilibrium circle 

significantly contribute to the ordination diagram (Legendre & Legendre, 1998).  
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All variables extend beyond the circle of equilibrium contribution, revealing that they 

all contributed significantly to the PCA (Fig. 3.2). Along the first axis (39%), RWE 

showed a strong positive correlation with both sediment grain size and DW below-to-

aboveground ratio. These variables showed strong inverse correlation with sediment 

OM, leaf %N, leaf %P, leaf %Fe, leaf length and LA. The second PCA axis (13%) 

was associated to a gradient defined by seagrass density and isotopic values having a 

denser seagrass beds at one end and a more sparse/ algal dominated at the other (Fig. 

3.2). Seagrass density correlated positively with leaf δ
15

N and distance to birds’ 

breeding colonies, and negatively with leaf δ
13

C (Fig. 3.2). The first two axes of the 

PCA accounted for 53% of the total variation in sediment and seagrass properties at 

the landscape scale. 

Spatial variability across the wave-exposure gradient 

Seagrass %P content decreased as RWE increased (r
2
 = 0.25, P < 0.001, Fig. S3.1A). 

The northern part of the study area, situated north of the island of Tidra, had on 

average 0.18 ± 0.02 mg P g
-1

 while the inner southern intertidal flats had 0.25 ± 0.03 

mg P g
-1

 (Fig. 3.3A). Leaf %N content also decreased as RWE increased (r
2
 = 0.37, P 

< 0.001, Fig. S3.1B). On average (± se) the northern part of the study area had 1.5 ± 

0.2 mg N g
 -1

 while the inner intertidal flats had 2.08 ± 0.3 mg N g
 -1

. The western part 

of the study site, situated behind the island of Tidra, had relatively high %N 

compared with sites on eastern side of Tidra (Fig. 3.3B). N:P ratios were very low 

and ranged from 3.7 to 16.4% (with an average of 8.7% ± 2.19) (Fig. 3.3C), 

indicating that the system is more N-limited than P-limited. Seagrass δ
15

N values 

showed more complex and patchy spatial patterns, with different pockets of high 

values spreading across the study area without any clear pattern along the wave 

energy gradient (Fig. 3.3D). Values of δ
15

N ranged from 0.02 to 5.73 (2.4 ± 0.9), 

suggesting the existence of multiple sources of N from different trophic levels. 

Sediment grain size and OM content were spatially decoupled, with coarser 

sediments containing less organic matter (Fig. 3.3E, F). Sediment OM decreased with 
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increasing RWE (r
2
 = 0.25, P < 0.001, Fig. S3.1C), while grain size increased as 

REW increased (r
2
 = 0.31, P < 0.001, Fig. S3.1D). 

 

Figure 3.3. Spatial patterns of averaged seagrass stoichiometry and sediment 

condition across the Banc d’Arguin, Mauritania, using a gridding interpolation 

(Kriging technique in Spatial Analyst Tools, ArcGIS) based on data collected from 

160 stations across its intertidal flats (see Fig. 3.1). (A) = Seagrass % Phosphorus (P) 

distribution with darker areas indicates higher P concentrations; (B) = leaf %Nitrogen 

(N); (C) = leaf N:P ratio; (D) = Seagrass δ
15

N values; (E) = Sediment median grain 

size (D50); and (F) = Sediment organic matter content (OM). 
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Seasonal variability along the wave-exposure gradient 

Leaf macronutrient (N & P) contents were generally higher in winter than in spring, 

and the largest seasonal contrast was found in the most sheltered site with a strong 

peak in winter and a dip in spring (Table 3.1; Fig. 3.4A, B). Micronutrient (Fe & Al) 

leaf concentrations, on the other hand, were generally higher in spring compared to 

winter, and thus showed a strong opposite trend to macronutrients between seasons 

(Table 3.1; Fig. 3.4C, D).  

Table 3.1. Results of the analysis of variance (two-way ANOVA) of the mean effects 

of site and season and their interactions on the morphology and stoichiometric of 

seagrass and its associated epiphytes. Bold characters highlight the statistical 

significant. B/A represents seagrass belowground/ aboveground biomass. Significant 

difference levels, ns = P >0.05, *= P <0.05, ** = P <0.01, and *** = P <0.001. 

 

Seagrass cover and stability (i.e., smaller variability in cover) increased with wave-

exposure (Table 3.1; Fig. 3.4E). Although seagrass cover did not differ significantly 

between seasons, there was a marked increase in spring in the exposed and 

intermediate sites and a decrease in the sheltered site (Fig. 3.4E). Macro-algae 

Vaucheria cover, on the other hand, differed significantly between seasons, with an 

increase in winter compared to spring across the sheltered and intermediate sites 

(Table 3.1; Fig. 3.4F). During our survey Vaucheria was never found at the exposed 

site. Seagrass below-to-aboveground biomass ratios were significantly lower in 

Source of variations

df MS F df MS F df MS F

Leaf total N (%) 1 2.7 28.6 *** 2 1.82 19.2 *** 2 0.94 9.9 ***

Leaf total P (%) 1 0.01 12.7 *** 2 0.005 3.81 ** 2 0.004 3.63 *

Leaf total Fe (‰) 1 13.6 91.05 *** 2 2.65 17.8 *** 2 0.9 6 **

Leaf total Al (‰) 1 7.8 41.2 *** 2 2.6 13.8 *** 2 1.1 5.7 **

Seagrass cover 1 0.06 0.3 
ns

2 1.8 10.1 *** 2 0.4 2.3 
ns

Vaucheria cover 1 0.45 9.4 ** 2 1.14 24.1 *** 2 0.15 3.15 *

B/A biomass ratio 1 42.1 57.9 *** 2 4.5 6.17 ** 2 1.82 2.5 
ns

Diatom biomass 1 1.62 3.8 
ns

2 4.7 10.9 *** 2 1.4 3.1 
ns

Leaf δ
13

C 1 0.82 1.8 
ns

2 5.9 12.9 *** 2 1.4 2.9 *

Leaf δ
15

N 1 0.24 3.1 * 2 1.6 1.8 
ns

2 1.1 3.7 *

Season:siteSeason Site
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spring than in winter across sites, and the difference between the seasons seems to 

increase from the more exposed site to the more sheltered one (Table 3.1; Fig. 3.4G).  

 

Figure 3.4. Bar-plots of the seasonal variations in seagrass (A) leaf %Nitrogen, (B) 

leaf %Phosphorus, (C) ‰ leaf Fe, (D) ‰ leaf Al, (E) seagrass cover, (F) Vaucheria 

cover, (G) belowground/aboveground biomass, and (H) associated epiphytic diatoms 

in the different hydrodynamic regime sites (Exp = exposed, Interm = intermediate, 

Shelt = sheltered). Different colours indicate different sampling period (winter vs. 

spring). All bars show mean ± SE; significant differences between seasons as well as 

sites are depicted by different lower-case letters (2-way ANOVA followed by post 

hoc Tukey tests, where P < 0.05 is significant).  
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Diatom biomasses showed a marginally significant seasonal trend in the most 

exposed site, with a decrease in biomass over winter compared to spring (Table 3.1; 

Fig. 3.4H). Leaf δ
13

C and δ
15

N signatures demonstrated a unique temporal pattern per 

site (Fig. 3.5). Nitrogen isotopes only significantly differed between seasons at the 

exposed site, suggesting the existence of a seasonal change in the source of N to this 

area (Table 3.1; Fig. 3.5). While carbon isotope signatures differed only in the 

intermediate site, indicating a seasonal shift in inorganic carbon sources (Table 3.1; 

Fig. 3.5). The two isotope signatures did not differ significantly in the most sheltered 

site (Table 3.1; Fig. 3.5). The exposed and sheltered sites had significantly different 

δ
13

C values throughout the survey (Table 3.1; Fig. 3.5), indicating that the two sites 

use different sources of inorganic carbon. 

 

Figure 3.5. Seasonal variation in stable carbon (δ
13

C) and nitrogen (δ
15

N) isotopic 

values of Zostera noltii leaves sampled in sheltered (triangles), intermediate 

(squares), and exposed (circles) seagrass beds in Banc d’Arguin, Mauritania. Open 

symbols represent spring samples, while the filled symbols represent the winter ones. 

Values are means ± SE. 

 

Responses of seagrass to fertilisation along the wave-exposure gradient 

Overall, the magnitude responses of seagrass to nutrient treatments (+N, +P, & 

+N+P) differed per exposure site (Fig. 3.6). Seagrass cover showed a distinct 
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response to N additions (+N & +N+P) in the exposed site, where seagrass died in 

response to these treatments (Fig. 3.6A). In the sheltered site, however, it was +P that 

significantly decreased seagrass cover (Fig. 3.6A). The seagrass cover of the 

intermediate site was not significantly affected by any treatment, although +P led to a 

marginal increase in cover (Fig. 3.6A). Seagrass above- and belowground biomasses 

were significantly decreased by N additions (+N and +NP) in the exposed and 

intermediate sites while the treatments did not seem to affect the biomass of the 

sheltered site (Fig. 3.6B, C).  

 

Figure 3.6. Responses of (A) seagrass cover, (B) = aboveground biomass, (C) = 

belowground biomass, and (D) = diatom densities to nutrient addition by nitrogen 

(N), phosphorus (P), and both (NP) in three different sites (Exp = exposed, Interm = 

intermediate, Shelt = sheltered) representing different wave energy forces. The bars 

represent mean effect sizes (log response ratios, LRR) with 95% CI. The zero line 

indicates no effect, and the significance of mean effects is determined when the 95% 

confidence interval does not overlap zero. 
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Diatom biomass significantly increased in all nutrient treatments in the exposed site 

(Fig. 3.6D). Diatom biomass in the intermediate site was boosted only by +P, while 

only +N increased their biomass in the sheltered site (Fig. 3.6D).  

Discussion 

Using a natural wave-exposure gradient we quantify the spatial and temporal status of 

seagrass stoichiometry, morphology, and stability and how the setting along this 

gradient affects the response of Zostera noltii to fertilisation. We showed that: (1) 

hydrodynamic gradient had strong spatial and temporal effects on seagrass nutrient-

status and stability, with increasing nutrient limitation and stability with increasing 

wave energy; (2) the magnitude effect of fertilisation on seagrass varied tremendously 

across the wave-exposure, with the most exposed site being most sensitive to biomass 

loss due to fertilisation and the sheltered one being least sensitive.  

Environment gradient characteristics 

Seagrass leaf nutrient content (N, P, Fe, Al), leaf morphology, biomass, sediment 

grain size, and sediment organic matter showed a strong direct correlation with wave-

energy gradient (PCA1; Fig. 3.3). The observed increase in below-to-aboveground 

ratio with exposure indicates that seagrass increasingly invest in anchoring strength. 

In areas of low water velocity and high sediment deposition seagrass seems to invest 

more in their light-harvesting compartment, the leaves. These results are in agreement 

with reported observational and experimental findings along intertidal gradients 

elsewhere (Marbà and Duarte 1995; Peralta and others 2000, 2006; Cabaço and 

Santos 2007; Hovey and others 2012; Balestri and Lardicci 2014).  

Greater investment in belowground system holds two benefits for seagrass in 

high velocity areas: the complex rooting system will ensure seagrass persistence (e.g., 

against erosion and leaf detachment) and nutrient acquisition from the generally 
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sandy and poor sediments. Simultaneously, investing more in aboveground biomass 

in low wave-energy areas also provides twofold benefits: seagrasses can thus cope 

with sediment deposition and win the competition with the opportunistic macro-algae 

Vaucheria, characteristic of sheltered areas (Fig 3.4F). Wave-action could also affect 

seagrass indirectly through setting the background sediment characteristics such as 

silt and OM contents. These characteristics have been shown to play an important 

role in the stability of seagrass in Banc d’Arguin through a negative feedback loop 

between seagrass density, grain size and OM content (Folmer et al., 2012).  

Spatial variability along the environment gradient 

Nutrient concentrations in leaves decreased with increasing wave energy. The vast 

majority of the measurements of leaf N content scored way below the 1.8 %N 

threshold suggested by Duarte (1990) to represent N-limitation. In addition, the 

spatial patterns of the relative importance of N to P (N:P ratio) in limiting 

productivity also indicate an N rather than P limitation across the Banc d’Arguin 

ecosystem. N:P ratios less than 25–30 are considered to reflect N-limitation as well 

(Duarte, 1990; Armitage et al., 2005; Fraser et al., 2012; Burkholder et al., 2013). In 

fact, seagrass %N found in our study site are among the lowest reported for Z. noltii 

compared with many other systems (Pérez-Lloréns and Niell 1993; Brun and others 

2002, 2003; Marbà and others 2002; Peralta and others 2005; Cabaço and others 

2009; Castro and others 2009; Holmer and others 2016). The transport of the rich 

fine-sediment from the more exposed to the more sheltered areas, bringing an 

additional nutrient input to the latter one and impoverishing the exposed sites, may 

well explain the relative decrease in nutrient concentrations with increasing wave-

action.  

Seasonal variability along the environment gradient 

In the two years of monitoring, biomass allocation, leaf isotopic signals, and leaf 

nutrient contents strongly varied between sites (exposed, intermediate, sheltered) as 
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well as with season (winter vs. spring). Biomass seemed to follow the seasonal 

variations in the availability of macronutrients, while seagrass cover was mainly site-

dependent and seemed to follow seasonal changes in the micronutrients (Fig. 3.4). 

The observed increase in seagrass cover in spring at the exposed site is in agreement 

with the more general seasonal growth pattern of Z. noltii (Vermaat & Verhagen, 

1996). The increase in cover in winter at the sheltered site (Fig. 3.4E) is different 

from areas further north, where Z. noltii is known to loose most of its aboveground 

biomass in the course of winter (Pérez-Lloréns & Niell, 1993; Pergent-Martini et al., 

2005). The observed decoupled seasonal leaf macronutrient and micronutrient 

contents as well as the seasonal seagrass cover change (Fig. 3.4) indicate seasonal 

nutrient-cycle-driven phenomena, and could reflect changes in atmospheric (dust) 

and/or oceanographic forces (upwelling). Banc d’Arguin lies between year-round 

very active upwelling zone (Gabric et al., 1993), and the Sahara that is known to 

supply large amount of dust to adjacent systems (Goudie & Middleton, 2001). The 

process of energy flow from the upwelling zone to Banc d’Arguin inner intertidal 

system, however, lacks large scale empirical evidence and both systems seem not to 

exchange water masses (Sevrin-Reyssac, 1993). Nevertheless, an episodic flow of 

nutrient might occur during the intense storms driven from the north-west and affect 

the northern most exposed part of the area (Carlier et al., 2015). The episodic Saharan 

dust storms, on the other hand, are known to affect nutrient budgets of the recipient 

systems (Neuer et al., 2004). Thus, given the seasonal influence of dust and upwelling 

forcing on nutrient fluxes, strong temporal and seasonal changes in seagrass 

morphology and stoichiometry in Banc d’Arguin are expected. Our leaf isotopic 

signature data (Fig. 3.5), as well as trace elemental content (Fe, Al), support the idea 

of connectivity between Banc d’Arguin exposed flats to an external source of energy 

that is affecting its temporal and spatial nutrient status. Fluxes of nutrients associated 

with episodic dust storms and/or upwelling intense events may increase in the future, 

with climate change projections suggesting that the intensity and frequency of the 

extreme weather events such as floods, drought, and storms will increase (Easterling 
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et al., 2000; Jentsch et al., 2007; IPCC, 2012). Thus, predicting the response of 

seagrass beds to increased episodic nutrient fluxes along environmental gradient 

should be a research priority. 

Responses of seagrass to fertilisation along the environment gradient 

The responses of Z. noltii to N and P fertilisation exhibited strong site-element-

specific variation: with the strongest negative response (mortality) to N and N+P 

addition at the most exposed site (Fig. 3.6). This is surprising as this area showed 

strong signals of N-limitation (leaf %N < 1.5). This means that where N-limitation is 

severe, sensitivity to high nutrient load is also high. In contrast, seagrass growing in 

the more sheltered site only responded to P addition by biomass loss. The mortality in 

response to N-addition at the exposed site may be due to a combination of excessive 

N-loads and efficiency in nutrient uptake. Excess N-loads are known to induce 

seagrass mortality through ammonium (NH
4+

) toxicity (Santamaría et al., 1994; van 

Katwijk et al., 1997; Brun et al., 2002; Govers et al., 2014a). Exposed plots treated 

with +N might have received high NH
4+

 levels at once due to high diffusion rate 

across sediment-water interface in the coarser sediment (Huettel, 2001; Burdige, 

2006). Furthermore, seagrasses in high velocity conditions have high ammonium 

uptake efficiency owing to a reduction in the thickness of the diffusion boundary-

layer of the leaves (Koch, 1994; Hurd et al., 1996; Cornelisen & Thomas, 2006). 

Thus, high leaves nutrient uptake efficiency and high sediment-surface exchange rate 

at the exposed site may have led to an excessive toxic NH
4+

 accumulation in the 

leaves (van der Heide et al., 2008).  

The lack of porewater ammonium measurement regretfully restricted our 

ability to exactly pin down the main cause of the die-offs in the exposed site. In 

contrast, high P-loads do not generate toxic effects in seagrasses, nor in any other 

plants (Touchette & Burkholder, 2000; Marschner, 2012). Negative effects of P-

fertilisation on seagrass biomass can generally be attributed to a secondary response: 

P-stimulated algal and epiphyte blooms that may outcompete seagrasses (Burkholder 
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et al., 2007). We indeed found an increase in in diatom biomass in the exposed site 

(Fig. 3.6D). Surprisingly, we did not find a similar algal response in the P-fertilisation 

treatment in the sheltered site. Thus, the observed biomass decrease as a result of our 

treatment may be due to other causes that we could not identify. 

The intermediate site showed inconsistence morphologic and stoichiometric 

responses to fertilisation suggesting the presence of a factor other than artificial 

fertilisation affecting the nutrient availability for seagrasses in the plots. The nature of 

this factor is perhaps suggested by the intermediate site being close to the island of 

Nair, a breeding site for hundreds of seabirds that could bring in extra nutrients to the 

site. Seabirds are known to supply large amount of nutrients, notably P, to the 

neighbouring areas (Post et al., 2008).  
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Appendix 3 

Table S3. 1. Initial environmental settings for the sites chosen along the wave energy 

gradient to conduct the fertilization experiment in Banc d’Arguin. Data are presented 

as mean ± SE. Significant differences between sites are depicted by different lower-

case letters (one-way ANOVA followed by post hoc Tukey tests, where P < 0.05 is 

significant). 

 

Source of variation Exposed Intermediate Sheltered F

Aboveground biomass (g DW m
-2

) 0.56
a
 ± 0.08 0.85

ab
 ± 0.1 1.12

b
 ± 0.16 2.51*

Belowground biomass (g DW m
-2

) 2.27
a
 ± 0.22 1.99

a
 ± 0.24 1.17

b
 ± 0.11 8.10***

Leaf length (cm) 10.87
a
 ± 0.6 15.07

b
 ± 0.58 19.19

c
 ± 1.37 19.92***

Leaf area index 2.18
a
 ± 0.17 3.77

b
 ± 0.19 6.43

c
 ± 0.67 27.49***

Rhizome internode length (mm) 3.53
a
 ± 0.42 5.99

b
 ± 0.45 7.68

c
 ± 0.39 24.53***

Leaf total N (%) 1.48
a
 ± 0.04 1.84

b
 ± 0.07 2.02

b
 ± 0.07 13.38***

Leaf total P (%) 0.16
a 

± 0.01 0.18
ab

 ± 0.01 0.20
b
± 0.01 4.59*

Leaf total C (%) 28.39
a
 ± 0.69 26.84

a
 ± 0.34 27.03

a
 ± 0.59 2.27

ns

Leaf C:N 20
a
 ± 0.85 15

b
 ± 0.51 14

b
 ± 0.51 25.45***

Leaf C:P 180
a
 ± 10 148

b
 ± 5 138

b
 ± 4 9.2***

Leaf total Fe (%) 1.17
a
 ± 0.10 1.48

a
 ± 0.06 2.42

b
 ± 0.17 31.9***

Leaf total Al (ppm %) 0.09
a
 ± 0.01 0.10

a
 ± 0.00 0.18

b
 ± 0.01 36.42***

Z. noltii  cover (%) 80
a 
± 5 60

a
 ± 19 66

a
 ± 8 1.45

ns

Vaucheria  cover (%) 0
a

3
a
 ± 1.12 24

b
 ± 7 9.5***

Sediment % N 0.23
a
 ± 0.003 0.24

a
 ± 0.04 0.29

b
 ± 0.05 6.7**

Sediment % P 0.04 
a
± 0.003 0.04

a
 ± 0.004 0.004

a
 ± 0.006 0.3

ns

Sediment organic matter (%) 8.87
a
 ± 0.41 7.08

b
 ± 0.51 9.14

a
 ± 0.49 5.68**

Sediment CaCO3
6.24

a
 ± 0.25 4.6

b 
± 0.28 5.5

a
  ± 0.24 9.77***

Silt content (%) 74
a
 ± 1.39 66

b
 ± 1.62 71

ab
 ± 1.87 5.87**

Redox potential (mv) 53.93
a
 ± 0.01 53.90

ab
 ± 0.02 53.84

b
 ± 0.03 4.5*

Relative wave energy (j m
-1

) 3639 1629 676

Near-bed shear stress (Kg m
-1

 s
-2

) 0.071 0.17 0.19

Water temperature (ºC) 23.81 ± 1.57 24.79 ± 3 25 ± 2.74

Tidal elevation (m) 1 ± 0.58 1.26 ± 0.52 1.24 ± 0.59

Hydrodynamic exposure

Notes: Data are presented as mean ± 1 se. Significant difference levels,nsP > 0.05, *P < 0 .05, **P < 0.01, ***P < 0.001.
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Figure S3. 1. Linear regression relationships between relative wave energy and (A) 

leaf total P (%), (B) leaf total N (%), (C) sediment organic matter content (%), and 

(D) sediment median grain size from samples collected at the landscape-scale in Banc 

d’Arguin, Mauritania. Fitted regression lines, r
2
 values, and model equations are 

given for P-values below the 5% significance level.  
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Chapter 4: Evidence for ‘critical slowing down’ in seagrass: a stress gradient 

experiment at the southern limit of its range 

 

Chapitre 4. Preuves d’un « ralentissement critique » chez un herbier : une 

expérience de gradient de stress à la limite septentrionale de son aire de 

répartition 

  

El-Hacen M. El-Hacen, Tjeerd J. Bouma, Gregory S. Fivash, Amadou Abderahmane 

Sall, Theunis Piersma, Han Olff,
 
and Laura L. Govers 

-------------------------------------------------------------------------------------------------------
 

 ملخص

هذه النظرية تقتضي أن النظم ولقد اقترحت فرضية "التباطؤ الحرج" كمؤشر إنذار مبكر قبل تدهور النظم البيئية 

البيئة التي على حافة نقطة تحول سوف تبدي ردة فعل بطيئة اتجاه أي اضطراب متمثلة في بطئ شديد في 

لقد و التجريبية الميدانية لهذا االنذار المبكر نادرة جدا في علوم البيئة  األدلة استعمار المناطق التي تدهورت.

في مسطحات األعشاب البحرية لحوض آرغين والتي تقع في مجال انتشارها تجريبيا درسنا وجود هذه الظاهرة 

ة قمنا تجربال في هذه .بأدائها في حالة حدوث تغير مناخي ؤالجنوبي في العالم، الشيء الذي يكن استخدامه للتنب

م1بدراسة ما إذا كانت نسبة التعافي )أعشاب وحيوانات( من التدهور متأثرة باالرتفاع المدي وحجم التدهور )
2
 

م 9و
2

( كما قمنا بتحديد العوامل البيئية التي أثرت بشكل كبير على نسبة التعافي باستخدام نموذج إحصائي معتمد 

المجهرية ونسبة  زلمعادالت البنائية أظهرت أن كثافة حيوانات الدياتومنتائج ا (.SEMعلى المعادالت البنائية )

شديدا في تعافي األعشاب والذي  بطئاالتجربة أظهرت , تراكم الترسبات كان لها األثر األكبر على نسبة التعافي

على  ع األعشاب.حصل أساسا في األشهر الباردة من السنة، أما تعافي حيوانات القاع فقد جاء متأخرا بالمقارنة م

العموم فإن نسبة التعافي كانت أبطأ ست مرات في المنطقة المدية العليا بالمقارنة مع المنخفضة، بل إن 

االضطرابات الكبيرة في هذه المنطقة تعافت بشكل أسرع من االضطرابات الصغيرة في المنطقة المدية العليا، 

 حرج" في المناطق المدية المرتفعة. باطؤتهذه النتائج قدمت دليال تجريبيا واضحا على جود "
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Résumé 

La théorie du ralentissement critique, c’est-à-dire, l’augmentation du temps de 

rétablissement de systèmes complexes à l’approche d’un point de bascule, a été 

proposée comme un signal précoce d’alerte à l’effondrement. Les preuves en faveur 

de la réalité de ces signaux de détresse sont encore rares en écologie. Nous avons 

étudié ceci sur des prairies intertidales d’herbiers de Zostera noltii, à la limite 

septentrionale de leur aire de répartition, au Banc d’Arguin, en Mauritanie. Nous 

avons analysé les variables environnementales qui covarient avec les taux de 

rétablissement en utilisant des modèles d’équations structurelles (SEM), basés sur une 

expérience lors de laquelle nous avons estimé si le rétablissement après perturbation 

(élimination de l’herbier et de l’endofaune) dépend de l’intensité du stress (qui 

augmente avec l’élévation) et de la taille de la zone perturbée (1 m² vs. 9 m²). Les 

analyses SEM ont révélé qu’une plus grande densité de biofilm et un plus haut niveau 

d’accrétion du sédiment expliquent le mieux les taux de rétablissement des herbiers. 

Les expériences de perturbation ont été suivies de faibles taux de rétablissement, la 

repousse se déroulant principalement lors les mois les plus froids de l’année. La 

recolonisation de la macrofaune était tardive par rapport au rétablissement de 

l’herbier. En général, le taux de rétablissement était six fois plus lent dans la zone 

intertidale haute quand dans la zone basse. Les perturbations plus importantes dans la 

zone basse ont mené à une récupération plus rapide que les faibles perturbations dans 

la zone haute. Ceci fournit des preuves empiriques en faveur du ralentissement 

critique en présence d’un stress de dessiccation accru dans un système d’herbier 

intertidal. 

 

Abstract  

The theory of critical slowing down, i.e. the increasing recovery times of complex 

systems close to tipping points, has been proposed as an early warning signal for 

collapse. Empirical evidence for the reality of such warning signals is still rare in 
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ecology. We studied this on Zostera noltii intertidal seagrass meadows at their 

southern range limit, the Banc d’Arguin, Mauritania. We analyse the environmental 

covariates of recovery rates using structural equation modelling (SEM), based on an 

experiment in which we assessed whether recovery after disturbances (i.e. seagrass & 

infauna removal) depends on stress intensity (increasing with elevation) and 

disturbance patch size (1 m
2
 vs. 9 m

2
). The SEM analyses revealed that higher 

biofilm density and sediment accretion best explained seagrass recovery rates. 

Experimental disturbances were followed by slow rates of recovery, regrowth 

occurring mainly in the coolest months of the year. Macrofauna recolonization lagged 

behind seagrass recovery. Overall, the recovery rate was six times slower in the high 

intertidal zone than in the low zone. The large disturbances in the low zone recovered 

faster than the small ones in the high zone. This provides empirical evidence for 

critical slowing down with increasing desiccation stress in an intertidal seagrass 

system. 

Introduction 

Seagrasses are effective ecosystem engineers (Bos et al., 2007), creating habitats that 

support a broad biodiversity (Duffy, 2006; van der Zee et al., 2016). With ecosystem 

engineering involving a variety of positive feedbacks (Maxwell et al., 2017), seagrass 

die-off events often follow alternative stable state dynamics that by their nature can 

be difficult to reverse (van der Heide et al., 2007). Unfortunately, over the last 

decades, several sudden landscape-scale seagrass die-offs have been reported. This 

concerns the Wadden Sea of The Netherlands (Giesen et al., 1990), Spencer Gulf, 

Australia (Seddon et al., 2000), different part of the Mediterranean Sea (Plus et al., 

2003; Charpentier et al., 2005), Odense Fjord, Denmark (Greve et al., 2005), Florida 

Bay, USA (Koch et al., 2007b), Chesapeake Bay, USA (Moore & Jarvis, 2008), 

Jangheung Bay, Korea (Kim et al., 2015), and Banc d’Arguin, Mauritania (de Fouw 

et al., 2016a). These die-off events have been attributed to hypersaline conditions 

(Koch et al., 2007a; Hall et al., 2016), extreme temperature (Seddon et al., 2000; 
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Thomson et al., 2015), and sulphide toxicity (Borum et al., 2005; de Fouw et al., 

2016a). The future of seagrass beds is dependent, to a large extent, on our ability to 

understand and predict seagrass recovery following large-scale die-off events within 

the framework of climate change related stresses such as sea level rise and extreme 

weather conditions. 

The speed at which seagrass meadows may recolonise gaps caused by die-offs 

is a crucial component of their long-term persistence (Govers et al., "in prep"), and 

determines the frequency at which perturbations may occur without resulting in a 

regime shift toward an alternative ecosystem state (van der Heide et al., 2007; Carr et 

al., 2016). Different indicators have been suggested to predict critical thresholds 

before regime shifts, including ‘critical slowing down’ in responses to adverse 

environmental conditions (van Nes & Scheffer, 2007; Dakos et al., 2011; van Belzen 

et al., 2017). Critical slowing down implies that when an ecosystem approaches a 

tipping point, it will show increasingly slower recovery rates following a disturbance 

(van Nes & Scheffer, 2007; Veraart et al., 2011; Dakos et al., 2014). Experimental 

evidence for the occurrence of critical slowing down, however, is still rare in ecology 

especially for natural, intact ecosystems (but see van Belzen et al., 2017).  

Here, we studied the potential for critical slowing down to act as an indicator 

for collapse in seagrass Zostera noltii at the southern limit of its range: the subtropical 

intertidal flats at the Banc d’Arguin, off the Mauritanian coast (Cunha & Araújo, 

2009). At Banc d’Arguin, Z. noltii covers most of the 500 km
2
 of intertidal flats 

bordering the Sahara, encountering more extreme environmental conditions than at 

temperate zones (Folmer et al., 2012). The seagrass may experience large temperature 

fluctuations (i.e., 11 - 37 °C; unpub. data), hypersaline conditions (i.e., 38 - 54.5‰; 

Wolff & Smit, 1990), intense dust storms (up to 100 events/year; Niang et al., 2008), 

and rather frequent heat-waves (40 - 60 days/year with air temperature exceeding 

41°C; Vizy et al., 2012). Living in such extreme conditions may make seagrass here 

vulnerable to further exacerbation of climate conditions (Valle et al., 2014). Despite 
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their rather pristine state, natural mass-mortalities have been observed over the last 

couple of years (de Fouw et al., 2016a; Appendix4.1; Fig. S4.1). It has been 

suggested that these die-offs are the result of a breakdown of feedback relationships 

between Z. noltii and its most important mutualistic partner, the sulphide-consuming 

(van der Heide et al., 2012) and nitrogen-fixing (Petersen et al., 2016) lucinid bivalve 

Loripes orbiculatus. In this system, landscape-level die-offs occur especially high on 

the intertidal elevational gradient, while lower, longer inundated seagrass beds are 

much less sensitive to this (de Fouw et al., 2016a).  

Seagrass recovery after disturbance is affected by various biota and abiotic 

conditions. High porewater sulphide concentrations are toxic to seagrass (Pedersen et 

al., 2004; Borum et al., 2005) and may negatively affect recovery following die-off. 

Sediment dynamics have been shown to affect Z. noltii recovery in an experimental 

study assessing the effect of intertidal ecosystem engineers on seagrass responses to 

disturbance (Eklöf et al., 2011). Finally, other sediment characteristics such as water 

content and grain size have been identified to play an important role in Z. noltii 

dynamics (Azevedo et al., 2016). To study how fast the seagrass beds recover from 

different-sized disturbances, we therefore set up an experiment on an intertidal flat in 

Banc d’Arguin at different elevations. Specifically, we aimed to assess (1) which 

ambient abiotic and biotic factors might influence variability in recovery rates, (2) 

whether Z. noltii exhibits critical slowing down following a sudden die-off event at 

different stress levels (i.e. inundation height), and (3) if critical slowing down is a 

function of the disturbance-scale. We expected high sulphide concentrations and high 

rates of sedimentation to negatively affect the recovery of seagrass in the disturbed 

plots, while sediment moisture and organic matter contents, as well as the abundance 

of the lucinid bivalve Loripes orbiculatus, should enhance recovery.  

Methods 

Study site  
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The study was carried out on the mudflats surrounding the islet of Zira 

(19°52'17.05"N, 16°17'49.51"W; Fig. 4.1a, b) in the Parc National du Banc d’Arguin 

(PNBA), Mauritania. PNBA is the largest marine protected area in Africa, and covers 

12000 km
2
 (half marine and half terrestrial). The marine part is characterise d by a 

complex, but shallow, bathymetry and comprises 500 km
2
 of intertidal flats covered 

with seagrass, especially the intertidal Zostera noltii, but also Halodule wrightii and 

subtidal Cymodocea nodosa for more than 80% (Wolff & Smit, 1990). PNBA, so far, 

is still a rather intact environment (Campredon, 2000).  

The climate of the study region consists of a distinct warm season (June-

September) (Vizy et al., 2012). Wind is predominantly a northern trade-wind and 

there is hardly any precipitation in the area year-round (ould Dedah, 1993). Salinity is 

generally high due to the isolated nature of the inner intertidal part of PNBA, and 

could reach extreme values (> 80‰) in the locked bays (Sevrin-Reyssac, 1993).  

Experimental set-up and sampling procedures 

To assess the recovery potential of seagrass, a die-off experiment was performed at 

two sites along an intertidal elevation gradient within the same continuous meadow 

(Fig. 4.1c). At both sites, experiments were set-up in three replicate blocks of small 

(1*1 m, 9 per block) and large (3*3 m, 1 per block) disturbed plots, and large (3*3 m, 

1 per block) controls (Fig. 4.1d). This design kept the total disturbed areas for small 

and large plots the same. Small plots were placed in a circular radius surrounding the 

large plot in each repetition, and controls were located just outside the radius of small 

plots (Fig. 4.1d). Plots were placed at least 6 m away from each other to reduce 

unwanted artefact effects of the clearings on the plots. The die-offs were enforced by 

placing two layers of plastic tarps over the plots for two weeks from 19 January to 5 

February 2015 (Fig. 4.1e). This led to 100% mortality of the seagrass (Fig. 4.1f). 

After the removal of the tarps, seagrass recovery (% seagrass cover of the total 

cleared area) was visually estimated at plot level (1 m
2
 for small plots and 9 m

2
 for 

the larger ones) on an approximately monthly basis. Small plots cover estimations 
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were done with the aid of a 1*1m frame divided into 10 cm
2
 quadrats. Total seagrass 

area (mm
-2

) per plot was then computed from the percentage cover estimates. 

Monthly recovery rate (“gap contraction rate”: RR, mm day
-1

) was calculated 

following (Eklöf et al., 2011) as:  

𝑅𝑅 =
√(𝑋𝑡1) − √𝑋𝑡2

2∆𝑡
 

where Xt1 and Xt2 are plot gap area at the start and end of the measurement period, 

respectively, and t is the number of days between t1 and t2.  

 

Figure 4.1. (a, b) Maps of the study area and (c) aerial photo showing the two 

experimental sites chosen on an elevational gradient next to the islet of Zira within 

the Parc National du Banc d’Arguin, Mauritania. (d) A schematic representation of 

the experimental design: three replicate blocks were established at each site, and 

consisted, each, of one large (9 m
2
) and nine small die-off (1 m

2
) treatments as well 

as one large (9 m
2
) control. (e) Photo demonstrating the technique used to induce 

seagrass mortality within plots. (f) The status of the die-off plot at the start of the 

monitoring program. Dark grey in the maps represents intertidal flats, light grey 

shows the ocean, and the white depicts the land. Maps were created in Esri ArcMap 

10.4 based on Landsat imagery (NASA, scene of February 1, 2016) provided at no 

costs by USGS. Aerial photograph courtesy Laura Soissons.   
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The recovery of the biomass of seagrass and the benthic community (i.e. to 

characterise parameters that may affect seagrass recovery), was assessed by a rotation 

sampling protocol. This helped us to avoid re-sampling the same location and 

minimised disturbance that might affect the recovery process. A benthic core of 7 cm 

diameter was taken in half of the small disturbed plots (n=4) plus all the large 

disturbed and control plots (n=1) in each experimental block every six months, the 

other half of the small plots was sampled six months later. Each plot was divided into 

4 sub-plots (50*50 cm for the small plots and 1.5*1.5 m for the large ones), and each 

sub-plot was sampled once during the study period. The resulting gaps from the 

coring were filled with sediment from similar nearby habitat. Benthic fauna (sieved 

through 1 mm mesh) was sorted and all the bivalves and gastropods specimens were 

identified to the species level and their length measured to the nearest 0.1 mm. 

Polychaeta and Crustacea were identified to the family level. Benthic ash-free dry 

biomass (AFDM, loss of ignition at 560°C for three hours) was determined per plot 

(with a precision of ± 0.0001 g) after oven drying at 60°C for two days to reach a 

constant weight. Seagrass above- and below-ground biomass was dried until constant 

weight at 70°C for 48 h, and weighed with a precision of ± 0.01 g.  

To further characterise parameters that may affect seagrass recovery, the 

following environmental parameters were measured at a six month interval over two 

years: porewater sulphide concentrations (Borum et al., 2005) inside the plots were 

sampled with vacuumed syringes connected to ceramic soil moisture samples 

(Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands) at 5-cm depth in the 

sediment, and stored in vacuum-sealed syringes (see, Govers et al., 2014a). Within 4 

hours after sampling, sulphide levels were then measured in the laboratory in a 

solution of 50% porewater sample, 50% sulphide anti-oxidation buffer using a 

calibrated Hanna (Italy), HI 4115 silver electrode. Redox potential (mVolt) (van der 

Heide et al., 2009) was measured at 5 cm depth using five Pt electrodes and one 

HgCl/KCl reference electrode connected to a GL220 Data logger (Graphtec GB Ltd., 

Wexham, UK). The mean of its five Pt electrode readings were calibrated using a 
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known standard hydrogen electrode. Biofilm (diatoms, cyanobacteria, and green 

algae) densities (µg.cm
-2

) (De Troch et al., 2005) were measured using the instrument 

BenthoTorch (bbe-Moldaenke BenthoTorch, Germany).  

Sediment dynamics (erosion, accretion) (Han et al., 2012) was assessed at two 

stages: (1) Plot surface elevations (bed level) were measured in May 2015 (six 

months after the start of the experiment) with the real time kinematic global 

positioning system (RTK-GPS; Trimble, California, United States). (2) Net sediment 

accretion was estimated between January 2015 and January 2016 with ‘Erosion’ 

pins(Nolte et al., 2013). Other sediment characteristics were measured once including 

sediment moisture content (%) (Azevedo et al., 2016) using 35.34 cm
-3

 volumetric 

samples dried at 105°C for 72 h, and organic matter content (Azevedo et al., 2016) 

(OM, loss of ignition at 500°C for four hours). 

Statistical analyses 

All statistical analyses described below were performed with the free statistical 

software R version 3.4.3 (R Development Core Team., 2017). Data exploration 

following (Zuur et al., 2010) indicated severe zero inflation in the sulphide data of 

Jan-2016, May-2016, and Jan-2017, and hence were not considered in the analyses. 

The biophysical setting that may have affected the seagrass recovery was 

assessed as follows. Initial linear mixed-effects modelling with blocks as random-

effects revealed no significant effect of Blocks but a significant three-way interaction 

between sampling date, die-off treatments and elevation. Block effects were therefore 

not considered in subsequent analyses. As 3-way interactions are difficult to interpret, 

the data were further analysed with 2-way ANOVAs for each sampling period 

separately. For this, two-way analysis of variance (ANOVA) was applied to 

determine whether there were significant differences (P < 0.05) between die-off 

treatments along the elevational gradient (low vs. high) on (i) porewater sulphide 

concentrations; (ii) sediment moisture content; (iii) net sediment accretion; (iv) 
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sediment redox potential; and (v) biofilm densities. Tukey’s honest significance 

difference (HSD) post-hoc test was used for multiple comparisons of means at a 95% 

confidence interval. Normality and heteroscedasticity of data were inspected visually 

on the residuals. Sulphide concentrations were square-root transformed to meet 

parametric assumption.  

Second, structural equation modelling (SEM; Grace, 2006; Grace et al., 2010) 

was performed to describe the most likely structure of the set of predictor variables 

affecting the seagrass recovery using the entire dataset, including all die-off 

treatments in both elevational zones. SEMs were constructed using piecewiseSEM 

package in R (https://github.com/jslefche/piecewiseSEM/tree/2.0) (Lefcheck, 2016), 

as this allows the fitting of mixed-effect models and a hierarchical design. We 

selected this method because recovery rates, as well as the measured abiotic and 

biotic variables included in the SEM, were temporally and spatially autocorrelated, 

and thus required mixed-effects modelling. Models were fitted with blocks and 

sampling dates as random effects, and an additional autoregressive moving average 

(ARMA) correlation structure with a six-months lag to account for repeated measures 

autocorrelation (Pinheiro et al., 2018). To study the impact of environmental 

conditions (measured at six month intervals) on seagrass recovery trajectory 

(measured at monthly intervals), recovery rate was averaged for the five months 

preceding each of the environmental measurements. 

The SEM analysis was conducted in three stages. First an overall a priori 

model of interactions based on knowledge from previous studies on seagrass 

functioning in the area (Honkoop et al., 2008; Folmer et al., 2012; van der Heide et 

al., 2012; de Fouw et al., 2016a) was created, a model which included all relevant 

biotic and abiotic factors (Appendix 4.2, Fig. S4.2). Next, the resulting interactions 

were translated into lists of structured equations, and finally these equations were 

evaluated against the observed data to support or reject the hypothesised causal 

structure of the predictor variables. Sediment bulk density and water content were not 
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included in the analysis due to their high collinearity with sediment organic matter. 

Correlations among the remaining variables (< 0.61) were considered acceptable 

(Grewal et al., 2004). Model fits were determined using Fisher’s C statistic and 

coefficients of determination (R
2
) values (Lefcheck, 2016). To meet the homogeneity 

of variance and linearity assumptions, all variables were log transformed except 

benthos AFDM, which was square-root transformed. Control plots had a mean and 

variance recovery rate of zero (i.e., no change) and were excluded from the SEM.   

Linear mixed-effects modelling (LMER) using restricted maximum likelihood 

fitting was done with the lme4 package in R (Bates et al., 2015), in order to 

investigate the effect of die-off treatments (control, small, large) and elevational 

gradient (high, low) on the monthly percentage cover estimates in the disturbed plots. 

Die-off treatments and elevational gradient were included as fixed-effects and date 

and block as random-effects. Model selection was carried out with backward 

selection procedure based on reduction of Akaike’s information criterion (AIC). P-

values from F tests were calculated with the lmerTest package (Kuznetsova et al., 

2016) using Satterthwaite’s approximation of the denominator degrees of freedom. 

Pairwise comparisons were obtained using the Tukey test in the LSMEANS package 

(Lenth, 2016) and the final model was validated by inspecting the residuals. Cover 

data were arcsine square-root transformed to improve homogeneity of residuals.  

 Macrofaunal recovery was assessed on samples taken 6, 12, 18, and 24 

months after defaunation by comparing assemblages in the disturbed plots to those of 

the controls. Differences in the composition in macrobenthic assemblages in the 

treatments were first assessed using non-metric multidimensional scaling (nMDS) 

based on Bray-Curtis similarity. Then, a one-way analysis of similarity (ANOSIM) 

was performed to test the significant differences in macrobenthic assemblages 

between the die-off treatments grouped within the elevational zones to create one 

response variable. Complete benthic recovery was considered when no-significant 
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difference in assemblages was detected between defaunated and control plots. All 

multivariate analyses were performed using vegan package in R. 

Results 

(1) Changing biophysical contexts during seagrass die-offs 

Over the six months following the die-off treatments, plot size and elevation did 

affect significant, non-interactive, porewater sulphide concentrations, with 

significantly higher sulphide concentrations in the disturbed plots than the controls 

and in the low zone than in the high zone (Table 4.1, Fig. 4.2a). Similarly, plot size 

and elevation also significantly modified other sediment characteristics. Sediment 

moisture content, sediment accretion, and sediment redox potential were lower in 

disturbed plots than in controls, and marginally lower for water content (Table 4.1, 

Fig. 4.2b, c, d). Water content and sediment accretion were both significantly higher 

in the low zone than in the high zone, while redox potential was lowest in the low 

zone (Table 4.1, Fig. 4.2b, c, d). During the second year after die-off (12 and 18 

months) redox potential did not differ either between plot sizes or zones (Table 4.1, 

Fig. 4.2d).  Overall, biofilm densities were lower in the disturbed plots than the 

controls in both elevational zones, with a general decrease in winter compared to 

spring (Table 4.1, Fig. 4.2e). Mean biofilm densities did not significantly differ 

between zones in winter, but in spring densities were lowest in the low zone (Table 

4.1; Fig. 4.2e). Sediment organic matter contents did not differ significantly between 

die-off treatments but differed significantly between the low (mean = 6.6, se 0.24) 

and the high (mean = 2.8, se 0.08) zones (Table 4.1). Finally, bed levels in the high 

zone significantly decreased (Table 4.1) for both the large (mean = 1.17 cm, se 0.16) 

and small (mean = 0.83, se 0.07) disturbances compared to the controls of the same 

block 6 months after the start of the experiment. Similarly, bed levels in the low zone 

decreased significantly for the large (mean = 0.88, se 0.16) and the small (mean = 

0.65, se 0.1) disturbances compared to the controls of the same block. The main 

effect of elevational zone on bed level was not significant (Table 4.1).  
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Table 4.1: Results of the analysis of variance (two-way ANOVA) of the mean effects 

of die-off treatment (control, large, and small) along an elevational gradient (high, 

low) on abiotic factors. Bold characters indicate significant effects. 

 

df MS F P

6 months later

Treatments 2 251 8.3 < 0.01

Zone 1 1386 45.6 < 0.001

Residuals 36 30.4

12 months later

Treatments 2 68 2.7 0.065

Zone 1 4326 171.8 < 0.001

Residuals 62 1510

12 months later

Treatments 2 17.66 32.5 < 0.001

Zone 1 25.47 46.9 < 0.001

Treatments*Zone 2 1.55 2.8 0.06

Residuals 62 0.54

12 months later

Treatments 2 2.83 2.68 0.07

Zone 1 236 224.3 < 0.001

Residuals 62 1.05

6 months later

Treatments 2 1.8 8.8 < 0.001

Zone 1 0.64 3.11 0.082

Residuals 62 0.2

6 months later

Treatments 2 2.3 10 < 0.001

Zone 1 7.5 32.5 < 0.001

Residuals 62 0.23

12 months later

Treatments 2 0.003 0.5 0.6

Zone 1 0.01 2.31 0.1

Residuals 62 0.0006

18 months later

Treatments 2 0.002 0.02 0.9

Zone 1 0.02 2.6 0.1

Residuals 62 0.0007

6 months later

Treatments 2 2.6 7.3 < 0.01

Zone 1 9.7 27.5 < 0.001

Residuals 62 0.3

12 months later

Treatments 2 0.9 33 < 0.001

Zone 1 0.0008 0.02 0.8

Residuals 62 0.02

18 months later

Treatments 2 0.64 1.83 0.1

Zone 1 4.5 12.8 < 0.001

Residuals 62 0.3

Redox potential

Biofilm density

Source of variations

Sulfide

Moisture

Net sediment accretion

Organic matter

Bed level change
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Figure 4.2. The effects of die-off treatments (control, large, small) along an 

elevational gradient (high, low) on (a) porewater sulphide concentration (µ mol L
-1

), 

(b) sediment moisture content (%), (c) net sediment accretion (cm), (d) sediment 

redox potential (m V), and biofilm density (µg cm
-2

). Bars represent means ± SE; 

different lowercase letters indicate a significant deference computed for each month 

separately (Tukey HSD, P < 0.05). (***) sign in May 16 of the panel (e) represents 

the significance (P < 0.001) between zones. 

 

 (2) Recovery trajectory: what are the key biophysical covariates? 

The piecewise SEM model fitted the observed data very well (Fisher's C statistic = 

14.65, P = 0.56), and revealed that only elevation and biofilm biomass directly 

affected recovery rate, but not die-off size (Fig. 4.3). However, both elevation and 
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die-off treatments were indirectly associated with recovery rate through their effect 

on sedimentation and OM, which both had a strong effect on biofilms (Fig. 4.3). As 

expected, recovery rate was negatively correlated to elevation (Fig. 4.3). Of all 

measured environmental variables, biofilm densities had the strongest negative effect 

on seagrass recovery (Fig. 4.3). Sedimentation and OM were significantly related to 

elevation, while die-off treatments had only a significant effect on sedimentation and 

the number of Loripes orbiculatus (Fig. 4.3).  

 

Figure 4.3. Final piecewise structural equation model (Fisher's C statistic = 14.65, P 

= 0.56), representing the effects of elevation, die-off size, and various abiotic and 

biotic variables on the recovery rate of Zostera noltii after disturbance. Solid lines 

indicate significant paths (P < 0.05); nonsignificant relationships were omitted for 

clarity. Hypothesised causal relationships (one-headed arrows) were weighed with 

standardised path coefficients, while the double-headed arrows were weighed by the 

covariance between connected variables. The thicknesses of the significant paths are 

proportional to the magnitude of the standardised regression coefficient. Numbers 

between brackets represent coefficients of determination (R
2
) related to the variable. 

Black arrows represent positive paths, and grey ones are indicative of negative 

relationships.  

 

Macrobenthic recolonization in the defaunated plots were manifested by a 

gradual increase in total abundance and biomass (Appendix 4.3, Fig. S4.3). MDS 
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ordination showed clear variation in benthic assemblages between disturbed plots and 

controls (Fig. S4.4). This pattern was confirmed by ANOSIM results, which revealed 

consistence significant differences between disturbed plots and controls over time 

(ANOSIM: 6 months, R = 0.24, P = 0.001; 12 months, R = 0.18, P = 0.019; 18 

months, R = 0.14, P = 0.02; 24 months, R = 0.22, P = 0.007). Differences between 

controls and disturbed plots decreased over time although recovery was not complete 

over the 24 months of monitoring, even in the small plots in the low zone that had 

complete seagrass recovery by the time.  

(3) Critical slowing down along a desiccation gradient 

All experimental die-off plots showed gradual recovery towards the pre-disturbance 

cover but with different success. Recovery occurred from the edge of the plots toward 

the inside by clonal propagation. No recovery by means of sexual regeneration (seed) 

was observed. The different elevational zones were very different in final recovery. 

Recovery in the low zone was almost complete while none of the high zone plots 

recovered completely over 24 months of monitoring. Seagrass recovery varied 

significantly between the scales of disturbance (LMER: F(2, 1161) = 558.5, P < 0.001, 

Fig. 4.4) and between elevational zones (LMER: F(1, 6) = 39.77, P < 0.001, Fig. 4.4), 

with increasing recovery time with increasing elevation and disturbance size (Table 

4.2; Fig. 4.4). A significant interaction (LMER: F(2, 1161) = 17.88, P < 0.001) between 

elevation and disturbance size was evident: the recovery time of the small 

disturbances of the high zone was slower than the large disturbances of the low zone 

(Table 4.2; Fig. 4.4). Recovery seems to have taken place mainly in winter and 

spring, while no gap contraction observed in summer and fall (Fig. 4.4). During the 

growing season (winter and spring), the recovery rate of the high zone was, on 

average (± se) 0.1 ± 0.02 mm day
-1 

in the small plots and 0.03 ± 0.1 mm day
-1

 in the 

large plots, while in the low zone it was 0.51 ± 0.1 mm day
-1

 for the small plots and 

0.23 ± 0.01 mm day
-1

 for the large plots. On average recovery in the high zone was 

6.38 times slower than in the low zone. The observed collapses in seagrass cover, 
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especially in the high zone, over the 11 and 15 months (Fig. 4.4) coincided with 

mass-sediment deposition events in the area.  

 

Figure 4.4. Relative change in Zostera noltii cover of the different die-off treatments 

(small, large, control) over 2015 and 2016 along an intertidal gradient (high and low) 

in Banc d’Arguin, Mauritania. Open symbols with dashed lines represent the high 

zone, while the filled symbols with solid lines represent the low zone. Values are 

means ± SE. Grey areas represent winter and spring months, white areas summer and 

fall months.  

 

Table 4.2. Tukey’s all pairwise comparisons of seagrass recovery responses to die-off 

treatments (control, large and small) and elevational gradient (high, low) following 

linear mixed-effects models (LMER). Significant findings highlighted in bold. 

 

Contrast Estimate SE df t-value p-value

High,Killed large vs.  Low,Killed large -0.27 0.06 26 -4.93 0.0005

High,Killed large vs.  High,Killed small -0.16 0.03 1161 -4.79 <.0001

High,Killed large vs. Low,Killed small -0.53 0.05 13 -11.42 <.0001

Low,Killed large vs.  High,Killed small 0.11 0.05 13 2.39 0.2273

Low,Killed large vs. Low,Killed small -0.26 0.03 1161 -7.59 <.0001

High,Killed small vs. Low,Killed small -0.37 0.03 4 -10.46 0.0021
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Discussion 

At Banc d’Arguin, Mauritania, Zostera noltii grows at the southern limit of its 

distribution range, which enabled us to empirically study critical slowing down 

signals along a desiccation gradient in a system prone to desiccation stress (de Fouw 

et al., 2016a). Our experiment demonstrated slower recovery higher in the intertidal, 

i.e. at sites with increased desiccation stress. Combined with the results from previous 

work in this system (de Fouw et al., 2016a), this indicates that seagrass growing 

higher on the elevational gradient is closer to a tipping point. This critical slowing 

down may indicate the systems vulnerability to desiccation stress and extreme 

weather events due to global warming.  

Previous work in this ecosystem suggests that bare intertidal flats dominated 

by microphytobenthos can constitute an alternative stable state to seagrass (Scheffer 

et al., 2001; Viaroli et al., 2008). Indeed, Structural Equation Modelling showed that 

biofilm densities negatively affected seagrass recovery rate (Fig. 4.3). Due to their 

ecosystem engineering effects on sediment characteristics, cyanobacteria or diatom 

biofilms can exclude seagrasses and dominate benthic primary production (Viaroli et 

al., 2008). In our study system, microphytobenthos layers potentially seal sediment-

air interface through the excretion of extracellular polymeric substances (EPSs) (Stal, 

2003), and leading to unfavourable growing conditions (anoxic, high sulphide 

concentrations) for Z. noltii. We suggest that this represents an under-studied topic. 

While opportunistic macroalgae are known to outcompete seagrass beds in eutrophic 

systems (Duarte, 1995; Han & Liu, 2014; Maxwell et al., 2017), less attention has 

been dedicated to the microphytobenthos (MPB) communities which often dominate 

soft-sediments and could represent a later stage of the succession from vegetated to 

bare (Sundbäck & Mcglathery, 2013). Even though all the die-off plots showed 

gradual recovery, our findings nevertheless suggest that biofilm layers can have a 

significant negative effect on seagrass recovery and may be responsible for an 

alternative stable state characterise d by bare sediment. Apparently, the 3*3 m die-off 



85 

 

plots were not large enough to create permanent alternative microphytobenthos 

dominated states, suggesting once again that this is strongly scale-dependent (Petraitis 

& Latham, 1999; Elschot et al., 2017; Menge et al., 2017; Ratajczak et al., 2017).  

An unexpected outcome of our experiment is that the seagrass recovery was 

independent of benthic community composition and seems to have occurred in the 

near-absence of the sulphide-consuming lucinid bivalves, Loripes orbiculatus, despite 

the previously shown importance of this bivalve for Z. noltii under high sulphide 

conditions (van der Heide et al., 2012; Petersen et al., 2016). It could be concluded 

that seagrass, in our study site, could colonise new patches without the help of the 

lucinid bivalves. The long-term survival and resilience of these patches, however, 

may well be dependent on the symbiosis with Loripes (van der Heide et al., 2012; de 

Fouw et al., 2016a), especially during sulphide pulses that apparently did not occur 

during our study period. 

The very slow recovery was remarkable for a fast-growing seagrass species 

with high rhizome expansion rate as Z. noltii (Govers et al., "in prep"; Green & Short, 

2003). Different studies showed that Z. noltii can fill in small gaps (< 1 m
2
) within a 

month after disturbance (Han et al., 2012). Related species in the subtropics as 

Zostera capricorni, are also known to quickly recolonise dugong (Dugong dugon 

Müller) created grazing gaps within a year after disturbance (Peterken & Conacher, 

1997), while Halodule wrightii, a species that coexist with Z. noltii at Banc d’Arguin, 

has been shown to recover within 9 months from small (0.25 m
2
) perturbations 

(Creed & Amado Filho, 1999). The remarkable slow recovery of Z. noltii at the edge 

of its distribution may indicate low overall resilience. Recovery occurred mainly in 

spring and winter and the species’ growth seems to slow down in the warmer summer 

and autumn. Although the growth in spring might overlap with the reported growth 

season for Z. noltii worldwide (Vermaat & Verhagen, 1996; Soissons et al., 2016), 

winter growth and expansion has, to our knowledge, not been reported before in this 

intertidal species. This suggests that with increasing temperature, the species could 
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shift growing periods to cooler seasons. Adjusting phenology in response to adverse 

temperature (cold and warm) is well established in dendrology (Orsenigo et al., 2015; 

Davis et al., 2017; Ford et al., 2017) and has been suggested for Zostera marina 

(Kaldy & Lee, 2007; Clausen et al., 2014). 

Although the observed recovery times are longer than the recovery times 

reported for other seagrasses occurring in the tropic (Rasheed, 2004), the expansion 

strategy fit the most common one reported for the tropical and subtropical seagrasses, 

asexual recolonization (Williams, 1990; Rasheed, 2004). Throughout the recovery 

period, gap contraction happened only from the edges toward the centre, which is 

indicative of asexual (rhizome elongation) rather than sexual (seed establishment) 

expansion. Small-scale die-offs facilitate asexual recovery with an increase in the 

edge to area ratio which favours neighbouring rhizomes to expand toward the bare 

patches. The expansion strategy of the species may have important consequences for 

the recovery from die-off events, especially for isolated intertidal flats without 

physical connections with other seagrass meadows. 

The present study adds experimental support to the theoretical analyses 

showing a critical slowing down response when natural systems are approaching 

tipping points and regime shifts (van Nes & Scheffer, 2007; Dakos et al., 2008, 2011; 

Dai et al., 2013; Eby et al., 2017). Empirical evidence for critical slowing down 

theory is still scarce in ecology, especially at the landscape scale (but see Eby et al., 

2017; van Belzen et al., 2017). This slowing down recovery criterion might be of 

great importance for seagrass management and monitoring now that these habitats are 

under such pressure (Duarte, 2002; van der Heide et al., 2007; Waycott et al., 2009; 

Unsworth et al., 2015). Critical slowing down has been mathematically proposed for 

seagrass before (Carr et al., 2012), and been used as a potential indicator for 

impending seagrass meadow collapse (Soissons et al., 2014). At Banc d’Arguin, the 

slowing down along the elevational gradient is likely to manifest itself in an 
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elevation-related loss of resilience and a decreasing capacity of the higher intertidal 

flats to withstand disturbances.  

We observed that the recovery time was faster for the large disturbances in the 

low zone than the small disturbances of the high zone, and that a single large-scale 

disturbance will have a larger impact than a disturbance of similar extent but spread 

out over smaller areas. This has major implications on how to design critical slowing 

down tests. The great contrast in recovery rates between the different sized treatments 

along the gradient implies that, when studied in small-sized plots, critical slowing 

down will be underestimated while the resilience will be overestimated. Elsewhere, it 

has been shown in an experimental clearing that Z. noltii recovery is vigorously scale 

dependent, and was mediated by the ecosystem engineers around (Eklöf et al., 2011). 

Critical slowing down assessments traditionally ignore disturbance sizes (but see van 

de Leemput et al., 2018) and often use the notion of recovery from small disturbances 

(van Nes & Scheffer, 2007; Dakos et al., 2014), which leaves an important gap in our 

understanding to this useful evaluation tool. Nonetheless, Dai et al., (2013) have 

introduced the term ‘recovery length’ as a connectivity distant indication for 

population recovery. The perturbation size, especially edge to area ratio, is known to 

affect seagrass recovery time (Terrados & Ramírez-García, 2011; Uhrin et al., 2011) 

and its inclusion into critical slowing down assessments will further improve our 

understanding and prediction to the future of seagrasses.  

The present study presents empirical evidence for a critical slowing down 

response in a model seagrass species (Z. noltii) along a desiccation gradient at the 

southern edge of its range. The results revealed that the Z. noltii in Banc d’Arguin has 

a low capacity to recover after die-off events, providing a clear sign that these 

meadows are on the verge of tipping points especially higher on the intertidal 

gradient. The die-off experimental outcomes illustrated that the recovery was size-

dependent and identify perturbation size as a new dimension that should be 

considered for future critical slowing down assessments. Finally, assessing critical 
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slowing down along intertidal elevation may provide a good indication of 

vulnerability of seagrass to desiccation stress and extreme weather events due to 

global warming. 
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 Appendix 4.1: Witnessed seagrass die-off events in Banc d’Arguin 

 

Figure S4.1. Landscape-scale seagrass die-off related events in Parc National du 

Banc d’Arguin, Mauritania (see Fig. 4.2) observed during the study period. Upper 

panels (a, b) show sudden die-off low on the elevational gradient due to unknown 

physiological damage to the tissues. Lower panels (c, d) demonstrate degrading 

seagrass higher on the elevational gradient du to massive deposition of mud-

packages. Left photos (a, c) were taken in May 2015 and the right ones (b, d) on May 

2016.  
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Appendix 4.2: Structural equation modelling procedures  

The process of conducting structural equation models typically involves model 

specification, identification, parameter estimates, evaluation of model fit, and model 

re-specification (Grace 2006, Grace et al. 2010). In the present study, a prior meta-

model was developed, based upon our knowledge on the functioning of Zostera 

noltii, including important interactions that might affect its recovery (Fig. S4.2). This 

meta-model included eight observed exogenous variables. Our prior model depicted 

that elevation and die-off treatments would have direct effects on recovery rate as 

well as on abiotic and biotic variables that might affect the recovery rate of seagrass 

after die-off. Variables were checked for parametric assumptions and were 

transformed when necessary to meet the assumptions.  

 

Figure S4.2. A priori meta-model of possible links of the predicted effects of 

elevation, treatment, and various abiotic and biotic factors on the recovery rate of 

seagrass after experimental die-off events at Zira, Banc d’Arguin. 
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Table S4.1. Complete outcomes of the fitted model tested in the Piecewise SEM 

showing standardised coefficients of the effects of elevation, die-off treatments, and 

various abiotic and biotic factors on the seagrass recovery after experimental die-off 

events at Banc d’Arguin, Mauritania. Significant paths (P < 0.05) are denoted in bold. 

 

  

Contrast Estimate SE df t-value p-value

High,Control vs.  Low,Control -0.09 0.06 26 1.62 0.59

High,Control vs.  High,Killed large 1.04 0.05 1161 23.08 <.0001

High,Control vs.  Low,Killed large 0.77 0.06 26 13.98 <.0001

High,Control vs.  High,Killed small 0.88 0.03 1161 26.18 <.0001

High,Control vs. Low,Killed small 0.51 0.05 13 11.16 <.0001

Low,Control vs.  High,Killed large 1.13 0.06 26 20.54 <.0001

Low,Control vs. Low,Killed large 0.86 0.05 1161 19.05 <.0001

Low,Control vs. High,Killed small 0.97 0.05 13 21.03 <.0001

Low,Control vs.  Low,Killed small 0.60 0.03 1161 17.97 <.0001

High,Killed large vs.  Low,Killed large -0.27 0.06 26 -4.93 0.0005

High,Killed large vs.  High,Killed small -0.16 0.03 1161 -4.79 <.0001

High,Killed large vs. Low,Killed small -0.53 0.05 13 -11.42 <.0001

Low,Killed large vs.  High,Killed small 0.11 0.05 13 2.39 0.2273

Low,Killed large vs. Low,Killed small -0.26 0.03 1161 -7.59 <.0001

High,Killed small vs. Low,Killed small -0.37 0.03 4 -10.46 0.0021
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Appendix 4.3: Macrofaunal recolonization 

 

Figure S4.3. Seasonal change in benthos density (m
-2

) of the most common species 

(94%) found in the experimental plots (C = control, L = large, S = small) along an 

elevation gradient, (a) high zone and (b) low zone.  



93 

 

 

Figure S4.4. MDS plots showing differences in macrobenthic community 

assemblages between disturbed plots (large, small) and controls in two elevational 

zones (high, low) represented by 95% confidence interval ellipses. (a) six months, (b) 

12 months, (c) 18 months, and (d) 24 months after defaunation. 
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Chapter 5: Large-scale ecosystem engineering by flamingos and fiddler crabs on 

West-African intertidal flats promote joint food availability 

 

Chapitre 5. L’ingénierie écosystémique à large échelle des flamants roses et 

crabes violonistes promeut la disponibilité conjointe de leur nourriture sur des 

vasières intertidales d’Afrique de l’Ouest 

  

El-Hacen M. El-Hacen, Tjeerd J. Bouma, Puck Oomen, Theunis Piersma, and Han 

Olff 

-------------------------------------------------------------------------------------------------------
 

 ملخص

وكان محل اهتمام من طرف  ةم إليكلوجيا الحديثوخ في علسعلى الرغم من أن "مهندسي النظم البيئية" مفهوم را

الباحثين خالل العقدين الماضيين إال أن األمثلة والدراسات التي تظهر التعاون ببين عدة حيوانات من  العديد من

راسة وصفية وأخرى دالبحث بالجمع بين  هذا أجل هندسة النظم البيئية ال زال نادرا في علوم البيئية، لقد قمنا في

حري قادرين على التعاون من أجل تعزيز مصدهم لطعون البستجريبية من أجل إثبات أن طائر النحام الوردي وال

هذا  ,الغذائي من خالل إنشاء نظام مدي للري مكون من منخفضات )أخاديد وأوهد( ومرتفعات )هضاب وروابي(

التعاون نتج عنه نظام بيئي مزركش متباين في مدة الغمر والجزر مكون من منطقتين: علوية كأنها مطرزة 

كأنها منقشة، لقد أثبتنا من خالل هذه التجربة أن هذا النظام المزركش ضروري بخطوط وسفلية تبدو للعيان 

المجهرية، لقد وجدنا أن المنخفضات من هذا النظام المزركش أكثر رطوبة وأغنى  زدياتوماللتكاثر حيوانات 

السلطعون البحري لقد نتج عن منع طائر النحام و بالمقارنة مع المرتفعات. زبالمواد العضوية وحيوانات الدياتوم

أما منعهم طويل األمد  ط,خالل األشهر الستة األولى فق زمن التغذية في هذا المزركش زيادة في كثافة الدياتوم

)أكثر من سنة( فقد نتج عنه هبوط حاد في كثافة هذه الحيوانات المجهرية، باإلضافة إلى ذلك فقد ثبت لدينا أن 

لسبب وراء تشكل وصيانة هذا النظام الزركشي طويل األمد، فقد نتج عن ا وية لهذه الحيوانات هساألنشطة الهند

منعنا لطائر النحام من استغالل النظام طمر معالم المناطق المنقشة بسبب تراكم الترسبات، أما المنع الجزئي 

النظام يعتبر هذا  لرواسب في المناطق المخططة.لللسلطعون من استغالل المنطقة فقد أدى إلى تراكم تدريجي 
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المزركش لحوض آرغين واحد من األمثلة النادرة للتعاون بين حيوانات مختلفة لتربية ورعاية وحصاد مصادر 

 تغذيهم في علوم البيئية.

Résumé 

Bien que le concept d’espèce ingénieur soit bien établi en écologie, les cas 

d’ingénierie conjointe opérées par plusieurs espèces à grande échelle restent rares. Ici, 

nous combinons des observations de terrain ainsi que des expériences d’exclusion 

afin de comprendre comment la coexistence de flamants roses (Phoenicopterus 

roseus) et de crabes violonistes (Uca tangeri) promeut la disponibilité, à la fois de 

leur propre nourriture mais aussi de celle de l’autre espèce, en créant des mosaïques 

complexes de dépressions (cuvettes, rigoles) et de tertres (plateaux, monticules) dans 

la zone intertidale. Ceci résulte en une mosaïque de micro-habitats avec différents 

régimes d’inondation par les marées. Ces micro-habitats sont organisés spatialement 

en une structure labyrinthique, dans la zone intertidale haute, et en une structure 

mouchetée, dans la zone intertidale basse, des formes qui émergent probablement en 

raison d’interactions biophysiques entre ces organismes et de forces 

hydrodynamiques. Nous montrons que la complexité spatiale résultante est vitale 

pour la production de biofilm. Les micro-habitats étaient plus humides et riches en 

matière organique au sein des dépressions que sur les tertres. L’exclusion des 

flamants roses et des crabes a résulté en une augmentation de la biomasse en biofilm 

sur le court terme (6 mois), mais en une diminution sur le long terme (après 1 année). 

En outre, nos résultats suggèrent fortement que ces micro-habitats 

biogéomorphologiques au sein des mosaïques sont maintenus par les activités de 

fourragement des flamants et des crabes. Pendant la période d’exclusion des flamants 

roses, toutes les structures mouchetées ont été ensevelies par le sédiment, alors que 

l’exclusion des crabes a mené à une accumulation graduelle de sédiment au sein des 

labyrinthes. Nous proposons que ces mosaïques intertidales représentent l’un des 

premiers exemples de promotion conjointe et à large échelle de la disponibilité en 

nourriture par de multiples espèces dans un écosystème marin.  
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Abstract 

Although the ecosystem engineering concept is well established in ecology, cases of 

joint engineering by multiple species at large scales remain rare. Here, we combine 

observational studies and exclosure experiments to investigate how co-occurring 

greater flamingos (Phoenicopterus roseus) and fiddler crabs (Uca tangeri) promote 

their own and each other’s food availability by creating a spatially complex mosaic of 

depressions (bowls, gullies) and hummocks (plateaus, mounds) in the intertidal zone. 

This results in a mosaic of microhabitats with different tidal inundation regimes. 

These microhabitats are spatially organised with labyrinth-like patterns in the high 

intertidal zone and spotted patterns in the lower intertidal, both of which likely arise 

from biophysical interactions between these organisms and hydrodynamic forces. We 

show that the resulting spatial complexity is vital for biofilm production. The 

depression microhabitats were wetter and richer in organic matter and biofilms 

compared with hummocks. Excluding flamingos and crabs resulted in an increase in 

biofilm biomass over the shorter term (6 months), but a decrease over the longer term 

(after 1 year). Moreover, our results strongly suggest that these biogeomorphological 

microhabitats in the mosaics were maintained by the feeding activities of flamingos 

and crabs. During a period of flamingo exclusion, all the spotted patterns filled up 

with sediment, while the exclusion of crabs led to gradual sediment accumulation in 

the labyrinth-like patterns. We propose that these intertidal mosaics represent one of 

the first examples of large-scale joint promotion of food availability by multiple 

species in a marine ecosystem. 

Introduction 

Ecosystem engineers have a remarkable ability to modify abiotic conditions to their 

own benefit (Jones et al., 1994), thereby facilitating other organisms as a side effect 

(Donadi et al., 2015). Their activities often launch a network of (positive or negative) 

biogeomorphic feedback loops that may significantly alter ecosystem processes and 

services (Olff et al., 2009). Although the ecosystem engineering concept is well 
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established and has been intensively studied over the last two decades (e.g. Wright 

and Jones 2006), ecologists have mainly focused on engineering by a single species 

and have rarely studied ecosystem engineering across species networks (but see 

Caliman et al. 2011, Largaespada et al. 2012, Donadi et al. 2015). As species are 

often embedded in complex interaction networks (Montoya et al., 2006), an 

understanding of natural systems may require a more holistic approach. 

Ecosystem engineering could be undertaken for the following reasons: to 

ensure safety (the beaver Castor canadensis; Wright et al. 2002), to create shelter 

(shelter-building caterpillars; Lill and Marquis 2003), to improve living conditions 

(seagrass; Bos et al. 2007), to ensure food availability (sprouting seeds by bristle 

worms; Zhu et al. 2016), and to promote the quality of food (through soil compaction; 

Veldhuis et al. 2014). Food supply is a key determinant of habitat choice (e.g. 

Piersma 2012) and consumer demographics (e.g. Krebs 1996). In marine intertidal 

systems where tidal cycles drive food availability (Iriarte et al., 2003; Bulla et al., 

2017), animals experience high variation in daily and seasonal food supply (Beukema 

et al., 1993). In these cyclic habitats, ensuring a reliable food supply through 

engineering activities can make a crucial difference. Here, we present a study on the 

joint engineering of biofilm (Fig. 5.1) through biogeomorphic feedback loops by two 

marine ecosystem engineers, greater flamingos (Phoenicopterus roseus) and fiddler 

crabs (Uca tangeri) at the landscape-scale in Parc National du Banc d’Arguin, 

Mauritania (Fig. 5.2). Together, flamingos and crabs appear to improve their food 

supply by creating an irrigation system (dense mosaics of contrasting depressions and 

hummocks) at the landscape scale, which subsequently boosts the biofilms that they 

both feed upon (Robertson et al., 1981; Krienitz et al., 2016).These mosaics, we 

argue, are the outcome of interactions between three players: (1) greater flamingos, 

(2) fiddler crabs and (3) biofilm-forming species like diatoms and cyanobacteria. 
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Figure 5.1. Conceptual model of the proposed biophysical feedback mechanisms 

characterising the ecosystem engineering by flamingos and crabs to ensure their own 

food supply in the mosaic system of Banc d’Arguin (Fig. 5.2). The feeding activities 

of flamingos (sediment compaction) and crabs (sediment loosening and transport) 

together with tidal forcing result in patterned depressions (bowls and gullies) in the 

mudflats (see Fig. 5.2). Tidal flooding of these depressions favours the conditions for 

biofilm development, which are in turn fed upon by flamingos and crabs. 

 

Flamingos are well-known ecosystem engineers that can modify sediment 

characteristics, microtopography and benthic communities (Glassom and Branch 

1997a,b, Rodríguez-Pérez and Green 2006, Scott et al. 2012). Greater flamingos have 

been reported to create distinct donut-shaped depressions (also known as craters) due 

to their circular filter-feeding behaviour while remaining standing at a single location 

(Rodríguez-Pérez & Green, 2012). Fiddler crabs are also effective ecosystem 

engineers in coastal systems due to their feeding and intensive burrowing activities 

(Kristensen, 2008; Smith et al., 2009; Holdredge et al., 2010). Their deposit-feeding 

and sediment reworking activities are likely to impact sediment characteristics 
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(Kristensen & Alongi, 2006; Kristensen, 2008) and primary production (Smith et al., 

2009; Holdredge et al., 2010). During low tide, fiddler crabs constantly collect 

sediment balls from the gullies (Ens et al., 1993), carry them up and process them 

next to their burrows, resulting in a constant directional flow of sediment. This 

behaviour allows them to quickly retreat into their burrows at the approach of 

predators like whimbrels (Numenius phaeopus) and gull-billed terns (Gelochelidon 

nilotica) (Zwarts, 1985; Zwarts & Blomert, 1990; Stienen et al., 2008). Biofilms 

(such as diatoms and cyanobacteria) also have important ecosystem engineering 

effects by gluing the top layer of sediment together via the excretion of extracellular 

polymeric substances (EPSs) in intertidal ecosystems (Smith & Underwood, 1998; 

Flemming & Wingender, 2010). Biofilm layers trap fine sediment and prevent 

sediment erosion by increasing sediment cohesion and decreasing bottom roughness 

(Grant et al., 1986; Gerbersdorf et al., 2008). 

The aim of this study is to test whether these three ecosystem engineering 

species mutually benefit each other through the formation of an irrigation mosaic. We 

explore if the interactions between feeding activities of flamingos and crabs in 

association with tidal hydrodynamics create and maintain spatial depressions on 

intertidal flats (Fig. 5.1). To analyse these three focal interactions, we ask the 

following questions: (1) whether geomorphology and topographical elevation affect 

sediment characteristics and biofilm biomass, (2) whether the feeding activities of 

flamingos and crabs affect the spatial heterogeneity and the topography of the 

mosaics, (3) whether foraging flamingos and crabs have important effects on biofilm 

biomass, and (4) whether these effects vary throughout the mosaic. We explored the 

combined effect of flamingos and crabs on landscape morphology and primary 

production by experimentally excluding flamingos and crabs from two different 

elevational zones and measuring microphytobenthos biomass and morphological 

changes in the sediment.  
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Materials and methods 

Study system 

We conducted our study on the intertidal mosaic formations on the islet of Zira, one 

of the many mosaics that can be found across Parc National du Banc d’Arguin 

(PNBA), Mauritania (Fig. 5.2a). The mosaics are complex spatial landscapes 

comprising microhabitats of different elevations (Fig. 5.2b–c): depressions (gullies 

and bowls) and hummocks (plateaus and mounds). The elevational differences 

between microhabitats results in great variation in tidal inundation regimes among 

them.  

 

Figure 5.2. (a) Map of the study area showing different mosaics in Banc d’Arguin. 

(b) Aerial view of the Zira mosaic showing the two elevational zones as well as the 

different patterns: the high zone (H) where both flamingos and crabs coexist, and the 

low one (L) where only flamingos are active. (c) Closer view of the contrast between 

hummocks and depressions in the high zone. (d) Photo illustrating the four different 

microhabitats (bowl, mound, gully, plateau) with the bowl-like microhabitats created 

by flamingos and debris trapped in the bowls. Top-right photo by Laura Soissons. 

These mosaics are intensively used by greater flamingos and fiddler crabs 

(Appendix 1). For greater flamingos, the Banc d’Arguin ecosystem is one of the most 

important breeding and wintering sites in West Africa (Cézilly et al., 1994; Diawara 
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et al., 2007). At least 15,000 pairs breed on the Kiaone islands, 14 km north of the 

Zira study site (Campredon, 2000). Fiddler crabs are by far the most abundant mobile 

organisms in the mosaics of Banc d’Arguin with densities of 33.5 ± 9.5 individuals 

per m
2
 near the islet of Zira and 7.3 ± 4.4 m

2
 near the islet of Agheneiver (Fig. 5.2a). 

Crab densities were measured every 2 m along two transects per site by counting the 

active burrows within a 50×50 cm PVC frame. The mosaic at Zira is composed of 

two zones with different elevations and biota, and is characterised by a labyrinth-like 

pattern in the highest zone and a spotted pattern lower down the gradient (Fig. 5.2b). 

The lowest zone is used mainly by flamingos and can be recognised by signs of 

flamingo feeding: extensive circular pits of up to 1 m in depth with a sand heap in the 

middle that are clearly visible even on aerial photos (area L in Fig. 5.2b). These pits 

persist over at least several weeks, and flamingos return to them on a daily basis to 

feed on the biofilm biomass that has accumulated during low tide. In the higher zone, 

flamingos and crabs co-occur up to the elevation of the highest neap tide. This zone is 

characterised by complex mosaics of hummocks and gullies filled with flamingo pits 

(area H in Fig. 5.2b). On a small scale, four different microhabitats can be 

distinguished within the mosaics, especially in the high zone: mounds and bowls are 

formed by flamingo feeding activities (Fig. 5.2c–d), and gullies and plateaus probably 

result from long-term interactions between crab foraging and tidal water flow (Fig. 

5.2c–d). Fiddler crabs make their burrows on the plateaus, but seem to prefer to feed 

in bowl and gully microhabitats. These preferences result in the continuous transport 

of sediment from gullies to plateaus, causing a net ‘digging out’ of gullies and 

building up of plateaus over time.  

Exclosure experiment on landscape formation 

To evaluate the importance of biophysical interactions versus only hydrodynamics for 

the formation of the spatial patterns in the mosaic, the level of the sediment bed was 

flattened in Jan. 2015. We then set up two crab exclosures, two flamingo exclosures 

and two controls (total of 6 experimental plots of 1.5×1.5m, with two replicates per 
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treatment) in the high zone. This additional pilot experiment was visited on four 

occasions over two years to score visually the recovery of the spatial patterning. In 

the exclosure plots, flamingos were excluded with rope set at the height of 50 cm, 

while crabs were excluded by burying wire mesh in the ground to prevent their 

settlement. In the set of control plots, we only flattened the plots and marked them 

without setting up exclosures.  

General survey on daily and seasonal biotic activities 

To monitor the biotic activities in the mosaics, three time-lapse Bushnell Trophy Cam 

HD cameras (Bushnell Outdoor Products, 2012) were fixed securely to a vertical 

wooden pole at 1.5 m above ground at different places to cover the entire study area. 

Cameras were set to take a photo, a short video (10 second) and log air temperature (# 

o
C) at 15-min intervals over a 24-hour period. The presence/absence of flamingos and 

crabs was scored every 15-min during the study time by visually inspecting photos 

and videos from the three cameras. Animals were considered present when they 

appeared in at least one of the cameras during a time interval, timed to the nearest 

quarter of an hour. Very dark images and videos were excluded from analysis. 

Exclosure experiment on primary production 

To investigate the effect of the feeding activities of flamingos and crabs on the 

geomorphology and biofilm biomass in the different elevational zones, a second 

exclosure experiment was established in mid-Jan. 2015 and measured (see below for 

details) on three occasions during the subsequent year: Jan.–Feb. 2015, May–June 

2015, and Jan.–Feb. 2016. In this experiment, flamingos and crabs were excluded 

using two different sets of exclosures with minimum change to the existing 

geomorphology of the plot. To exclude flamingos, we used exclosures (1×1×0.5 m) 

consisting of four upright PVC tubes connected tightly with rope at a height of 50 cm. 

To exclude crabs, we established chicken-wire cages (1×1×0.3 m) with a mesh size of 

1 cm. Control plots were marked only with small PVC tubes. All plots were placed to 

capture the different microhabitats in the different zones. In total, 50 plots were 
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established over five blocks; each block covered the two different elevational zones. 

In the low zone, where crabs are absent, only flamingo exclosures (10 replicates) 

were used (area L in Fig. 5.2b), and in the high zone (area H in Fig. 5.2b), where both 

species coexist, we combined both flamingo and crab exclosures (10 replicates for 

each). Each exclosure was paired with a control treatment without exclosure (20 

controls). 

Measuring topographical profiles, sediment characteristics and biofilm biomass 

To assess the impact of the engineering activities of flamingos and crabs on the 

geomorphology of the mosaic, topographic changes were measured as the vertical 

height difference between the initial bed level (soil surface elevation) and the bed 

level at the end of the experiment. The differences in elevation between plots and the 

different microhabitats were measured using the real time kinematic global 

positioning system (RTK-GPS; Trimble, California, United States). Elevational 

measurements were taken twice (at the start of the experiment and a year later) and 

calibrated against an absolute known level at Zira. 

To investigate the effect of the geomorphology on the prevailing sediment 

conditions of the mosaics that could potentially affect biofilms (reviewed by 

Gerbersdorf and Wieprecht 2015, Ansari et al. 2017), the following parameters were 

measured in the control plots where all microhabitats remained visible at the end of 

the experiment. The sediment critical shear-strength was measured three times during 

the year with a Pocket Vane Tester (14.10, Eijkelkamp Agrisearch Equipment, the 

Netherlands) as a proxy for sediment stability and cohesion. A Pocket Vane Shear 

Tester is a simple instrument that measures the force needed to disturb the sediment 

surface, by pushing a circular plate with ribs on it into the sediment surface and 

turning it until the plate starts to move. Soil temperature (
o
C) was also measured 

multiple times over the year with an Actpe portable handheld non-contact infrared 

digital thermometer sensor. To investigate the sediment properties, a sediment sample 

of the upper 5 cm was taken from each microhabitat type in all the plots at the end of 
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the experiment. Water content in the sediment was determined for each habitat by 

weight loss after oven drying (75 °C, 72 hours). Subsamples of the sediment were 

analysed for organic matter content as loss on ignition (LOI; 4 h, 550 ºC). 

To study the effects of elevational variation and of excluding flamingos and 

crabs on the biofilms, we estimated the biomass of diatoms, cyanobacteria and green 

algae densities (µg.cm
-2

) in all microhabitats using a ‘BenthoTorch’ (bbe-Moldaenke 

BenthoTorch, Germany), a fluorescence-based optical technique. In a methodological 

study, Kahlert and McKie (2014) showed that the biomass of the total 

microphytobenthos obtained with a BenthoTorch is similar to those obtained via 

conventional methods; however, values for the relative contribution of the different 

microphytobenthos groups should be used with caution. Thus, we used the biomass of 

the entire community (diatoms, cyanobacteria and green algae) as our measure of 

biofilm abundance. Biomass measurements (one estimate per microhabitat per plot 

during each sampling event) captured different daily as well as monthly tidal cycles, 

including neap and spring tides, on the following dates: winter 2015 (Jan. 18, 21, 23, 

26; Feb. 1, 4, 10); spring 2015 (May 21, 29); and winter 2016 (Jan. 26).  

Statistical analyses 

Normality and homogeneity of variance were ensured for each variable by visual 

inspection of Q-Q plots and Levene’s test, respectively, and appropriate 

transformations were used when necessary. We used circular statistics to quantify 

how flamingo and crabs activities were clustered relative to the diurnal tidal (12 

hours) as well as the semilunar tidal (15.8 days) amplitude cycles. Activities were 

plotted on circular plots as an angle (in degrees) relative to the tidal amplitude or 

lunar cycle. We used the Rao spacing test for circular uniformity to determine 

whether crab and flamingo activities were unevenly distributed around the circles. 

Watson's two-sample test for homogeneity for circular data was used to compare 

between flamingo and crab activities in winter and spring. Tests were performed 

using the R package ‘circular’. In all tests, a P-value <0.05 was considered 

significant. To investigate the effects of temperature as well as daily and monthly 
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tidal cycles on the activities of flamingos and crabs, a multinomial logistic regression 

was applied to determine whether the probability of being active is affected by the 

explanatory variables. The effects of temperature and tide on flamingo and crab 

activities during the different seasons (winter, spring) were tested separately using 

different multinomial models. The best model for each season was identified using 

backwards step-wise model selection.  

The effects of the geomorphology on sediment conditions were assessed only 

on control plots (20), where all four microhabitats remained visible over the period of 

observation. The effect of geomorphology on sediment water content, organic matter 

content, sediment critical sheer strength and temperature were analysed with one-way 

ANOVA, followed by Tukey’s HSD post hoc comparisons. Sediment critical shear 

strength data taken during Jan 2016 could not be normalised, and thus were analysed 

using the Kruskal-Wallis test with the Dunn comparison test.  

The effects of ecosystem engineers on the geomorphology were investigated 

by studying changes in bed level over one year. Only one measurement per 

microhabitat per plot was taken at the start and at the end of the experiment, and 

differences in bed level change (initial-end) per microhabitat were averaged and 

compared across replicate plots. Changes in all microhabitats upon excluding 

flamingos and crabs were analysed using Student’s t-tests (two-tailed) in the low zone 

and with ANOVA in the high zone.  

Finally, to examine the effects of grazing activities of flamingos and crabs on 

biofilm biomass, linear mixed-effects models (LMER) using restricted maximum 

likelihood fitted with exclosure and microhabitats as fixed effects and blocks as 

random effects were conducted with the lme4 package in R (Bates et al., 2015). 

Parametric assumptions were tested on the residuals. To demonstrate the magnitude 

of differences in biofilm biomass between exclosures and controls in the same block, 

effect size (Hedges et al., 1999) was calculated as the natural log of response ratios, 

LRR = log (treatment/control), following Borenstein et al. (2009). Mean effect sizes ± 
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CI of treatments were calculated using the R package “Metafor” (Viechtbauer, 2010) 

and were considered significant if the 95% CI did not overlap with zero.  

 All statistical analyses were performed in R, version 3.4.3 (R Development 

Core Team 2017, Vienna, Austria; available at: http://www.R-project.org).  

Results 

Exclosure experiment on landscape formation 

The initial spatial pattern of the mosaic did not recover in the exclosure, at least 

during the first two years, after flattening of the surface (Appendix 2, Fig. S5.1). 

Control plots, on the other hand, showed a slow recovery of the original pattern, 

which was visible after two years (Fig. S5.2). Thus, the presence of the excluded 

biota appears to be a requirement for pattern formation. 

General survey on daily and seasonal biotic activities 

Analyses of camera time-lapse data revealed strong seasonal patterns in the activities 

of flamingos and crabs in the mosaic found in Zira. Multinomial logistic regression 

models showed that seasons, monthly and daily tidal cycle, and air temperature 

jointly determined the activities of both flamingos and crabs in the mosaic (Appendix 

3, Tables S5.1–2; Fig. S5.3–4). Overall, flamingos were mostly active during the 

hours of incoming and high tide (Rao spacing test, U = 355, P < 0.001) and more 

present in spring compared with winter (Watson-Williams test, F = 1.3, P < 0.001; 

Table S5.1; Fig. S5.3). In spring, flamingos were present in the mosaic over the entire 

monthly tidal cycle (Rao spacing test, U = 354, P < 0.001; Fig. S5.3). In winter, 

however, flamingos seemed to use the mosaic only for a few days after spring tides 

(Rao spacing test, U = 340, P < 0.001; Fig. S5.3). The presence of flamingos was 

positively correlated with air temperature in winter, but negatively correlated in 

spring (Fig. S5.4).  

http://www.r-project.org/
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Crabs were active during the hours of low and outgoing tide (Rao spacing test, 

U = 357, P < 0.001; Fig. S5.5). In winter, crabs were active after spring tide (Rao 

spacing test, U = 353, P < 0.001). In spring, however, they were active for a few days 

before the spring tide (Rao spacing test, U = 352, P < 0.001; Fig. S5.5). The 

proportion of active crabs was positively correlated with air temperature (Table S5.2; 

Fig. S5.6).  

The effects of the geomorphology on sediment conditions 

We found that sediment water content strongly varied between microhabitats in the 

mosaics (Fig. 5.3a): depression microhabitats (bowls and gullies) were significantly 

wetter than the hummocks (mounds and plateaus), irrespectively of the zone (F (3, 106) 

= 24.3, P < 0.001). Temperature in the microhabitats showed seasonal patterns: in 

winter, gullies were the warmest (F (3, 1236) = 3, P = 0.03; Fig. 5.3b), while in spring, 

plateaus were significantly warmer than the other microhabitats (F (3, 164) = 61.86, P < 

0.001; Fig. 5.3c). The values of the sediment cohesion index in the microhabitats also 

showed a distinct seasonal pattern (Fig. 5.3d) with bowls and gullies having 

significantly lower values of the sediment cohesion index than mounds and plateaus 

during winter (Jan. 2015: H (3, 176) = 53.6, P < 0.001; Jan 2016: H (3, 113) = 143.9, P < 

0.001). In spring, however, bowls and gullies had significantly higher values of the 

sediment cohesion index than mounds and plateaus (H (3, 164) = 31.8, P < 0.001). 

Finally, sediment organic matter contents were different among the different 

microhabitats (F (3, 66) = 9.97, P < 0.001; Fig. 5.3e): mounds were significantly lower 

in organic matter than the other microhabitats. Gullies showed a trend of being the 

richest in sediment organic matter, although this was not statistically significantly 

(Fig. 5.3e). 
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Figure 5.3. Comparisons of the (a) sediment moisture content, (b) sediment 

temperature in Jan.–Feb. 2015, (c) sediment temperature in May 2015, (d) sediment 

critical shear strength, and (e) sediment organic matter content of the different 

microhabitats in the mosaics. All bars show mean ± SE; significant differences 

between habitats are depicted with lower-case letters (P ≤ 0.05).  

 

The engineering effects of flamingos and crabs on biogeomorphology 

During the experiment, we did not observe any evidence of flamingos entering the 

crab or flamingo exclosures at any time by way of footprints or signs of foraging 

activity. We observed that after excluding flamingos, the mound and bowl 

microhabitats completely disappeared through sediment accretion in the low zone 

(Fig. 5.4a). Crabs, especially the small ones, could not be fully excluded. There were 

on average 21.73 ± 13.62 active burrows in the exclosure at the end of the experiment 

compared with 33.5 ± 9.5 active burrows in the controls. After excluding both 

flamingos and crabs in the high zone, gully and plateau microhabitats remained 

visible at the end of the experiment, although gullies had accumulated slightly more 

sediment than in controls. Bowl and mound microhabitats, however, disappeared in 

the exclosures (Fig. 5.4b).  
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Figure 5.4. The state of representative (a) flamingo and (b) crab exclosures one year 

after establishment in the low and high zones, respectively. All the original 

microhabitats such as mounds and bowls had disappeared. (c) Changes in mean (± 

SE) relative bed level over one year in bowl (left panel) and mound microhabitats 

(right panel) found in control (Ctr) plots and flamingo exclosures (- Fl) in the low 

zone. (d) Changes in mean (± SE) relative bed level over one year in all microhabitats 

of the control (Ctr) plots and crab exclosures (-Cr / -Fl) in the high zone. Significant 

differences between microhabitats are depicted with lower-case letters (P ≤ 0.05). 

 

Topographic elevational changes showed that most of the microhabitats in 

exclosures experienced significantly more sediment accumulation than in the control 

plots (Fig. 5.4c–d). Bed level change for bowl microhabitats in the low zone was 

significantly higher in exclosures than in controls (Fig. 5.4c; t = -2.72, N = 18, P = 

0.013). Unlike bowl microhabitats, the bed level of mounds was not significantly 

different between treatments in the low zone (Fig. 5.4c; t = -1.16, N = 18, P = 0.2). In 

the high zone, bed level change for bowl microhabitats was significantly higher in 
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exclosures than in controls (Fig. 5.4d; F (2, 25) = 4.72, P = 0.018). Gully bed levels 

were only marginally different between crab exclosures (25.5 ± 3.66 mm) and 

controls (16.5 ± 2.88 mm) (Fig. 5.4d; t = -1.4, N = 18, P = 0.06). Plateau 

microhabitats showed similar response in both control and exclosure treatments (Fig. 

5.4d; F (2, 27) = 0.2, P = 0.7). Finally, excluding flamingos resulted in the 

disappearance of all mound microhabitats from the high zone (Fig. 5.4d). 

The effects of flamingo and crab grazing on biofilm biomass 

All exclosures showed increases in biofilm one month and six months after their 

establishment, followed by a decrease one year later in both the high zone (LMER: 

Jan. 2015: F (2, 878) = 19.7, P < 0.001; May 2015: F (2, 190) = 5, P < 0.01; Jan. 2016: F (2, 

190) = 5, P = 0.08; Fig. 5.5) and low zone (LMER: Jan. 2015: F (1, 161) = 1.5, P = 0.2; 

May 2015: F (1, 73) = 0.9, P = 0.3; Jan. 2016: F (2, 73) = 24, P < 0.001; Fig. 5.6). In the 

high zone, biofilm biomass increased within the first six months by 56 ± 33% in 

flamingo exclosures and by 81 ± 33% (mean ± SE) in crab exclosures compared with 

controls (Fig. 5.5). A year later, however, depressions in flamingo and crab 

exclosures showed a reduction by 32 ± 11% and 28 ± 11%, respectively (Fig. 5.5). A 

similar trend was found in the low zone, where only flamingo exclosures had been 

erected, with an increase in biofilm biomass over the first six months by 83 ± 26%, 

and a reduction by 53 ± 17% a year later relative to controls (Fig. 5.6). Generally, in 

the high zone—where both flamingos and crabs were foraging—crab exclosures 

seemed to have had a stronger effect on biofilm densities than flamingos (Fig. 5.5). In 

agreement with our prediction on biomass levels among microhabitats, biofilm 

biomasses were significantly higher in depressions than hummocks (Fig. 5.5–6). 
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Figure 5.5. Differences between exclosures and controls in biofilm biomass found in 

the different microhabitats in the high zone. Data were collected over three time 

intervals. The bars represent mean effect sizes (log response ratios, LRR) with error 

bars representing the 95% CI. The zero line indicates no effect, and the significance 

of mean effects is indicated when the 95% confidence interval does not overlap with 

zero. 
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Figure 5.6. Differences between exclosures and controls in biofilm biomass found in 

the different microhabitats in the low zone. The bars represent mean effect sizes 

(LRR) with 95% CI. The zero line indicates no effect, and the significance of mean 

effects is indicated when the 95% confidence interval does not overlap with zero. 

 

Discussion 

In this study, we observed that within the two years after experimental removal of the 

microhabitat mosaics, recovery only occurred in the control areas. Where flamingos 

and crabs were excluded, these mosaics did not return. Also, the exclusion of 

flamingos and crabs caused the mosaics in undisturbed plots to disappear. Biofilm, 

the food for flamingos and crabs, was clearly higher in depressions than on 

hummocks. This suggests that the joint feeding activities of flamingos and crabs 

create and maintain the microhabitats crucial for biofilm production.  
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In this case, both species most likely profit from each other’s ecosystem 

engineering activities. This suggests a link to the concept of ecological autocatalysis, 

in which multiple coexisting species promote each other through resource 

manipulation feedback loops, increasingly drawing in and retaining resources in the 

loop, thus increasing system-level productivity (Veldhuis et al., 2018). Our study 

system can be considered as a marine example of such an autocatalytic loop, where 

flamingos and crabs on one side and biofilms on the other mutually promote resource 

recycling and productivity.  

Over the last decade, considerable emphasis has been placed on the 

integration of non-trophic interactions, especially ecosystem engineering, into studies 

on ecosystem functioning (Olff et al., 2009; Bascompte, 2010; Kéfi et al., 2012; 

Sanders et al., 2014; Genrich et al., 2017). The present findings reinforce the role of 

feedbacks and engineering networks across multiple trophic levels. If we had only 

examined the effects of crabs of flamingo on the geomorphology and/or the effect of 

microhabitats on biofilm production in the present study, we would probably have 

missed the underlying engineering-feedback loop that controls the functioning of the 

mosaics. Understanding such mechanisms yields crucial insights into improving the 

conservation and management of ecosystems and species (Polis, 1998; Olff et al., 

1999, 2009; Lohrer et al., 2004; Suding et al., 2004; Largaespada et al., 2012). Loss 

of feedback loops could degrade ecosystem resilience and promote regime shifts 

(Scheffer & Carpenter, 2003; Rietkerk et al., 2004; Nyström et al., 2012; van de 

Koppel et al., 2012; Bertness et al., 2015). Our results confirm earlier empirical 

evidence on the importance of joint ecosystem engineers in modulating intertidal 

ecosystem functioning (Caliman et al. 2011, Largaespada et al. 2012, Donadi et al. 

2015). It has been shown that co-existing benthic engineers can determine the large-

scale structure of intertidal communities (Lohrer et al., 2004; Donadi et al., 2015) and 

nutrient fluxes (Caliman et al., 2011; Largaespada et al., 2012).  
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The effects of biogeomorphology on sediment conditions 

The microhabitats within the mosaic strongly differ with respect to the sediment 

characteristics that might affect biofilm production. Depression microhabitats (bowls 

and gullies) were wetter and richer in organic matter and biofilms (Fig. 5.3) than 

hummocks (plateaus and mounds), indicating that the creation and maintenance of 

bowl and gully microhabitats is vital for biofilm as well as for the grazers who 

engineered them. The spatial heterogeneity of the mosaics creates an irrigation system 

where tidal water and debris are trapped in bowl and gully microhabitats, thus 

enhancing the moisture and organic matter contents. The sediment cohesion index 

showed clear seasonal patterns with a two-fold increase in spring compared with 

values in winter per microhabitat (Fig. 5.3d), reflecting perhaps the increase in 

biofilm production (see Gerbersdorf et al. 2008).  

Soil temperatures remained moderate in depression microhabitats in both 

winter and summer (Fig. 5.3b-c). Plateau temperatures were much higher than the 

temperatures in bowl and gully microhabitats in spring and lower in winter, which 

may explain why waders tend to use the depression microhabitats in winter to avoid 

the chill of cold winds (Wiersma & Piersma, 1994) and in spring and summer to 

avoid overheating (Verboven & Piersma, 1995). Thus, depressions provide an 

intertidal irrigation system with low wave energy, moderate temperatures even in the 

warm season, and sediment that is rich in organic matter and nutrients; all these 

factors are known to favour biofilm growth and establishment (reviewed by 

Gerbersdorf and Wieprecht 2015).  

The engineering effects of flamingos and crabs on biogeomorphology 

Excluding flamingos and crabs resulted in the loss of the bowl and mound 

microhabitats and a slight increase in the bed level of gully microhabitats. This was 

probably due to excluding the effects of trampling by flamingos, and digging and 

transport of sediment by crabs. At the end of the experiment both bowl and mound 

microhabitats were still absent from the exclosures. In the low zone, a plateau without 

any patterning started to develop in flamingo exclosures. In the high zone, however, 
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gullies remained visible and active even though a thick layer of sediment had settled 

over the bowls. The effects of excluding flamingos on the topography are remarkable 

(Fig. 5.4a–c), and the accumulation of sediment can only be attributed to the absence 

of flamingo feeding.  

In the high zone, however, the results of excluding crabs on topography, 

especially gully (almost significant P = 0.06) and plateau microhabitats, might have 

been affected by two contrasting effects. First, we failed to exclude all crabs from the 

plots. This certainly prevented the settlement of even more sediment in the gullies, as 

the caged crabs would have removed a larger part to the plateaus. In fact, this may 

explain why the differences in plateau bed levels between treatments remained non-

significant. Plateaus receive sediment from the crabs through processed sediment 

balls collected in the depressions. These balls fall apart during the incoming tide and 

the fine particles may go into suspension and end up on the beach, while the 

remaining sand will settle down on the plateau. Thus, the sediment accumulation in 

the plateaus is predicted to be a slow and long-term process. Second, in direct 

contrast to the effect of crabs, the sediment accumulation in depressions might have 

been enhanced by the cages used as exclosures hindering water flow and thus 

increasing rates of sedimentation within the cages.  

Previous studies in the marine systems have shown that cages could affect 

microphytobenthos biomass (Schrijvers et al., 1998; Como et al., 2006; Abdullah & 

Lee, 2016) as well as sediment characteristics (Virnstein, 1977; Piersma, 1987; 

Felsing et al., 2005; Gallucci et al., 2008). Our experimental design, however, makes 

it unlikely that the cages caused major artefacts. The reported unwanted effects of 

cages are typically related to small mesh-size (< 6 mm) and shading (Reise, 1977; 

Virnstein, 1977; Como et al., 2006). Such artefacts should be minimal in our system, 

as we used a 1-cm mesh size and had no shading due to the open top of the exclosures 

(Fig. 5.4b). Unlike in other reported systems, the mosaics in our study are 

characterised by very low hydrodynamics and extensive shallow seagrass beds in 

front of them, which trap much suspended sediment before it reaches the mosaics 



117 

 

(Folmer et al., 2012). The combination of using a large mesh size (i.e., 1 cm) in an 

area with low sediment suspension, as present in the mosaics, makes a cage effect 

unlikely. The 1-cm mesh offers plenty of space for the gentle flow to pass through 

freely. This was confirmed by visual observations during incoming and outgoing tide, 

during which there was no sign of flow deflection by the cages. We thus expect that 

the lack of full crab exclusion is likely to have caused more sediment removal than 

the enhanced sediment accretion due to a possible cage artefact. Indeed, we did not 

observe any odd sedimentation patterns in the exclosures close to the edges of the 

cages. This might explain why there was no significant topographical change in 

plateau microhabitats between controls and crab exclosures in the high zone (Fig. 

5.4d). 

The effects of flamingo and crab grazing on biofilm biomass 

We found that the exclusion of flamingo and crab consumption enhanced the biofilm 

abundance over the short term (Fig 5.5–6) but impaired biofilm production over the 

long run. This means that these grazers stimulate biofilm productivity over the long 

term. This is likely the result of topographic changes through sediment accumulation, 

which subsequently alters sediment moisture content and surface temperature. 

Generally, microhabitats within crab exclosures accumulated slightly more biofilm 

compared with the ones in the flamingo exclosures. This accumulation was only 

significant in comparisons within gully microhabitats, suggesting the importance of 

gullies for food production to crabs. This importance of crabs becomes even more 

evident when taking into account that the crab exclosure treatment was in reality only 

a 1/3 ‘crab-reduction’ treatment.  

Flamingos and crabs seem to use different tidal phases to feed in the mosaic 

(Appendix 3, Fig. S5.3–5). Flamingos use mostly the high tide hours, while crabs use 

the low tide ones. Both species, however, co-feed on biofilms during the outgoing 

tide. In the warm season, crabs also have been observed to move in huge numbers to 

feed in bowl microhabitats in the low zone where normally only flamingos feed.  
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Generalisations and conclusions 

We observed that hydrodynamic processes alone are unlikely to be responsible for 

creating the mosaics. The exclosure experiment demonstrated that the mosaics of 

Banc d’Arguin are the result of three-way biogeomorphic engineering loops between 

flamingos, crabs, biofilms and hydrodynamics. Our study on this biofilm-engineering 

network gives empirical support for interspecific engineering at the scale of many 

hectares, with consequences for several other species. For example, our cameras 

revealed that the gullies were frequently used by high numbers of roosting waders, at 

night in winter and during the day time in spring and summer, suggesting that the 

gullies provide thermodynamically favourable microhabitats (Wiersma & Piersma, 

1994). Waders seeking shelter in the gullies are likely to affect and link the mosaics 

to neighbouring habitats (Mathot et al. "in press"). Our work, together with previous 

studies on ecosystem engineering (Caliman et al. 2011, Largaespada et al. 2012, 

Donadi et al. 2015), identifies engineering networks as a driver of feedbacks between 

community structure and ecosystem processes in marine systems. 
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Appendix 1: Video showing the biotic activities in the mosaics of Zira and will 

published online.  

Appendix 2: Spatial heterogeneity recovery after patterning 

To assess the potential of hydrodynamics in creating the spatial patterning of the 

mosaic without biological interactions, a sediment bed-level flattening experiment 

was established at the start of the study and monitored over two years. Two sets of 

plots were established: one set where the flattening is combined with exclosure of 

flamingos and buried chicken wire mesh to prevent crab establishment, another set as 

a control where only flattened took place.  

 

 

Figure S5.1. Photos showing the status of the flattened plots with exclosure after one 

year (Jan 2016) and two years later (Jan 2017). 
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Figure S5.2. Photos showing the status of the control plots after one year of 

flattening (Jan 2016) and two years later (Jan 2017). Gullies and flamingos Bowls 

microhabitats are visible in Jan 2017 pictures. 

 

Appendix 3: Camera-laps survey 

We used camera laps to study the occurrence and activity of crabs and flamingos in 

the mosaics. To investigate the effects of temperature and daily as well as monthly 

tidal cycle on the activities of crabs and flamingos, a multinomial logistic regression 

was applied to determine whether the probability of being active is affected by the 

explanatoery variables. We tested the effects of temperature and tide on crabs and 

flamingos activities for the different seasons (winter, spring) seperately by performed 

different multinomial models. The best model for each season was selected using 

backwards step-wise model selection. 
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Table S5.1. Estimated parameters from multinomial logistic regression employed to 

model the effect of temperature and tidal cycles on the presence and absence of 

flamingos on the tidal flat of the mosaic for January and April 2014. Odd ratio 

represents how strongly the presence of flamingos is affected by the predictors: Odds 

ratio > 1 means that the probability of flamingos being present is larger than their 

absence. 

 

 

Estimate SE z-value p-value Lower Odds ratio Upper

Intercept 1.82 0.32 5.52 < 0001

Moon -0.05 0.022 -2.59 0.009 0.9 0.94 0.98

Incoming tide -1.78 0.31 -5.72 < 0.001 0.08 0.16 0.3

Low tide -21.88 570.5 -0.03 0.9600 0 0 0

Outgoing tide -1.03 0.3 -3.38 < 0.001 0.19 0.35 0.63

Intercept 25.03 6.35 3.94 < 0.001

Temperature -0.87 0.23 -3.8 < 0.001 0.25 0.41 0.629

Incoming tide -26.34 6.95 -3.78 < 0.001 0 0 0

Low tide -22.36 6.4 -3.49 < 0.001 0 0 0

Outgoing tide -7.88 11.31 -0.69 0.48 0 0 5653147

Moon -2.35 0.63 -3.73 < 0.001 0.024 0.09 0.3

Temperature:Incoming tide 0.95 0.25 3.81 < 0.001 1.64 2.6 4.42

Temperature:Low tide 0.76 0.23 3.27 0.001 1.4 2.14 3.53

Temperature:Outgoing tide 0.36 0.42 0.84 0.39 0.59 1.43 3.29

Temperature:Moon 0.08 0.02 3.57 < 0.001 1.04 1.08 1.13

Moon:Incoming tide 2.59 0.71 3.65 < 0.001 3.54 13.41 58.41

Moon:Low tide 2.26 0.63 3.55 < 0.001 2.99 9.66 37.15

Moon:Outgoing tide 0.82 1.13 0.72 0.46 0.22 2.27 20.89

Temperature:Moon:Incoming tide -0.09 0.02 -3.51 < 0.001 0.86 0.91 0.95

Temperature:Moon:Low tide -0.07 0.02 -3.31 < 0.001 0.88 0.92 0.96

Temperature:Moon:Outgoing tide -0.02 0.04 -0.63 0.52 0.89 0.97 1.06

95 % CL for odds ratio

January

April
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Figure S5.3. Circular histograms of the probabilities of occurrence of flamingos on 

the mosaic in relation to the daily tidal cycle (coloured bars) and monthly tidal cycle 

depicted by the spring and neap tides. Each bar corresponds to a bin width of 1 day, 

and bar length indicates the probability of occurrence within each bin range. 

Probabilities are calculated for each tidal phase per day separately. Left panel 

represents the probabilities in April-2015 while the right panel the Jan-2015 

probabilities. 
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Figure S5.4. Results of the logistical regression model showing the relationship 

between the probability of flamingos presence/absence and the ambient temperature 

in Jan-2015 (left panel) and April-2015 (right panel), when all other predictors in the 

model are held constant at median. Probability of Shading shows the 95 % PI 

(prediction interval).  
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Table S5.2. Estimated parameters from multinomial logistic regression employed to 

model the effect of temperature and tidal cycles on the presence and absence of crabs 

on the tidal flat of the mosaic for January and April 2015. Odd ratio represents how 

strongly the presence of the crabs is affected by the predictors: Odds ratio > 1 means 

that the probability of crabs being present is larger than their absence. 

 

 

 

Estimate SE z-value p-value Lower Odds ratio Upper

Intercept 0.84 5.16 0.16 0.86

Temperature -0.12 0.18 -0.65 0.51 0.68 0.88 1.31

Moon 0.35 0.06 5.32 < 0.001 1.25 1.43 1.62

Incoming tide -7.04 5.32 -1.32 0.1800 0.0008 0.0008 176

Low tide -6.5 5.17 -1.26 0.2000 0.0001 0.001 248

Outgoing tide -9.35 5.25 -1.78 0.0740 0.0005 0.0001 16.2

Temperature:Incoming tide 0.37 0.18 1.97 0.0490 0.96 1.44 2.09

Temperature:Low tide 0.4 0.18 2.28 0.0259 1.01 1.5 2.16

Temperature:Outgoing tide 0.5 0.18 2.73 0.0063 1.11 1.66 2.4

Temperature:Moon -0.02 0.002 -7.33 < 0.001 0.97 0.98 0.98

Intercept -15.27 1.43 -10.67 < 0.001

Temperature 0.35 0.03 9.39 <0.001 1.3 1.42 1.53

Moon 0.25 0.09 2.6 0.009 1.06 1.29 1.57

Incoming tide 3.66 1.03 3.55 <0.001 8.03 39.17 708.67

Low tide 6.68 1.03 6.49 < 0.001 166.17 802.33 14495

Outgoing tide 4.3 1.03 4.16 < 0.001 15.11 74.35 1349

Temperature:Moon -0.008 0.003 -2.07 0.03 0.98 0.99 0.99

April

95 % CL for odds ratio

January
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Figure S5.5. Circular histograms of the probabilities of occurrence of crabs on the 

mosaic in relation to the daily tidal cycle (coloured bars) and monthly tidal cycle 

depicted by the spring and neap tides. Each bar corresponds to a bin width of 1 day, 

and bar length indicates the probability of occurrence within each bin range. 

Probabilities are calculated for each tidal phase per day separately. Left panel 

represents the probabilities in April-2015 while the right panel the Jan-2015 

probabilities. 
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Figure S5.6. Results of the logistical regression model showing the relationship 

between the probability of crabs presence/absence and the ambient temperature of the 

mosaic in Jan-2015 (left panel) and April-2015 (right panel), when all other 

predictors in the model are held constant at median. Probability of Shading shows the 

95 % PI (prediction interval).  
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Chapter 6: Changes in the waterbird community of the Parc National du Banc 

d’Arguin, Mauritania, 1980-2017 

 

Chapitre 6. Changements dans la communauté d’oiseaux marins du Parc 

National du Banc d’Arguin, Mauritanie, 1980-2017 

Thomas Oudman, Hans Schekkerman, Amadou Kidee, Marc van Roomen, Mohamed 

Camara, Cor Smit, Job ten Horn, Theunis Piersma, and EL-Hacen M. EL-Hacen 

------------------------------------------------------------------------------------------------------- 

 ملخص

إيوائها ألكبر تمركز في با على مسار الهجرة الشرق أطلسية تتميز الحظيرة الوطنية لحوض آرغين عن نظيراته

العالم للطيور الشاطئية المشتية، وأكبر تجمع للطيور البحرية المعششة في إفريقيا، على الزعم من هذه األهمية 

لقد قنا في هذه الدراسة بجمع وتحليل نتائج سبع تعدادات الطيور،  هذه لديناميكيةفال توجد هناك مراجعة كاملة 

، هذه التحاليل أظهرت 2003باإلضافة إلى نتائج تعداد سنوي في منطقة إويك منذ  1980للطيور في المنطقة منذ 

و  1980العدد اإلجمالي شهد تناقصا ما بين  تغير في التركيبة الهيكلية لهذه الطيور خالل العقود المنصرمة.

فاضا كبيرا )طائر الغاق مع زيادة معتبرة في أعدا طائر البجع في حين أن خمسة انواع أخرى شهدت انخ 2017

في ما يخص  أما ، الطيوي األحمر، البقويقة السلطانية مخططة الذيل، كروان الماء ، مرزة المستنقعات(.اإلفريقي

ف كبير بين نتائج شكل موثوق نظرا لوجود اختالاتجاه وطبيعة تغيرها ب تحديد األنواع األخرى فلم يكن بمقدورنا

، التحاليل االحصائية تتناقص مقدرتها على كشف تغير ما كلما تناقص عدد المعطيات )سبع هذه التعدادات

  التعداد السنوي لمنطقة إويك أظهر هو اآلخر وجود تناقص حاد في أعداد الطيطوي تعدادات في هذه الدراسة( .

وأخيرا فقد  لكن لم يظهر تناقص في أعداد طائري الغاق والكروان. تالمستنقعا ةة ومرزالبقويقة السلطاني و

 ( تناقص عام في أعداد الطيور التي تعتمد في,NMDS PERMNOVA)أظهر التحليل متعدد المتغيرات 

 ة.زيادة في أعداد األنواع التي تتغذى على األسماك والقشريات الصغيرتغذيتها على المسطحات المدية و

Résumé 

Le Parc National du Banc d’Arguin, en Mauritanie, se distingue par le fait qu’il 

héberge les plus grandes concentrations d’oiseaux marins côtiers au long du corridor 

de migration Est-Atlantique. En dépit de cette importance, il n’existe aucun relevé 
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des dynamiques de population des oiseaux marins dans cette zone. Ici, nous avons 

compilé les sept comptages d’oiseaux marins les plus complets effectués depuis 

janvier 1980, auxquels nous avons additionné des comptages annuels provenant d’une 

sous-unité (la région d’Iwik) depuis 2003. Nous présentons des preuves en faveur 

d’un changement dans la composition de la communauté des oiseaux marins au cours 

des quatre dernières décennies. Les nombres totaux d’oiseaux marins ont montré une 

diminution entre 1980 et 2017, alors que seul le Pélican blanc, Pelecanus 

onocrotalus, a montré une augmentation significative en nombres ; cinq espèces ont 

décliné : le Cormoran africain, Phalacrocorax africanus, le Bécasseau maubèche, 

Calidris canutus, la Barge rousse, Limosa lapponica, le Courlis cendré, Numenius 

arquata, et le Busard des roseaux, Circus aeroginosus. Chez les espèces restantes, les 

variations en nombres entre comptages étaient trop grandes pour que quelconque 

tendance soit détectée. Les comptages annuels dans la région d’Iwik ont aussi montré 

un déclin abrupt des nombres de Bécasseaux maubèches, de Barges rousses et de 

Busards des roseaux, mais pas de Cormorans africains ni de Courlis cendrés. Une 

analyse multivariée suggère un déclin en général chez les espèces qui dépendent des 

vasières intertidales pour le fourragement, et une augmentation chez les espèces qui 

dépendent des poissons et des crustacés du sublittoral et du large. 

 

Abstract  

The Parc National du Banc d’Arguin in Mauritania stands out for hosting the largest 

concentrations of coastal waterbirds along the East Atlantic Flyway. In spite of this 

importance, a review of the population dynamics of the waterbirds in the area is 

lacking. Here we compiled the seven complete waterbird counts since January 1980, 

with additional yearly counts made in a subunit (Iwik region) since 2003. We present 

evidence of a change in the community composition of waterbirds over the past four 

decades. Total waterbird numbers showed a decrease between 1980 and 2017, with 

only Great White Pelican Pelecanus onocrotalus showing a significant increase in 
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numbers; five species declined: Long-tailed Cormorant Phalacrocorax africanus, Red 

Knot Calidris canutus, Bar-tailed Godwit Limosa lapponica, Eurasian Curlew 

Numenius arquata, and Western Marsh Harrier Circus aeruginosus. In the remaining 

species the variation in numbers between counts was too large for trends to be 

detected. The yearly counts at Iwik region also showed a sharp decrease in the 

numbers of Red Knot, Bar-tailed Godwit, and Marsh Harrier, but not of Long-tailed 

Cormorant and Eurasian Curlew. A multivariate analysis suggests a general decline in 

species that depend on the intertidal mudflats for feeding and an increase in species 

depending on fish and crustaceans in the sublittoral and the offshore zones.  

Introduction 

Long-distance migratory shorebirds are highly dependent on strings of adequate 

habitat for their survival, not least the wintering sites where they spend most of the 

year. Recent international counts have raised concerns about declines in shorebird 

populations along flyways worldwide (Conklin et al., 2014; van Roomen et al., 2015; 

Piersma et al., 2016). This includes the East Atlantic Flyway, where apparent 

problems occur at listed World Heritage Sites such as the Wadden Sea in western 

Europe and the Parc National du Banc d’Arguin in Mauritania (Boere & Piersma 

2012, van Roomen et al. 2015). Much of the research and long-term surveys along the 

East Atlantic Flyway have been conducted at staging sites on the European coast; 

data from the sub-Saharan wintering sites are rather scarce.  

The Banc d’Arguin (Fig. 6.1) contains about 500 km
2

 of intertidal mudflats, 

harbours more wintering shorebirds than any other place along the East Atlantic 

Flyway (Engelmoer et al. 1984, Delany et al. 2009), and provides the resources for 

the first major leg of the spring migration of Arctic- and temperate-breeding 

shorebirds (Ens et al., 1990). The area also harbours the largest breeding colonies of 

seabirds in West Africa (Campredon, 2000). Yet, little is known about the dynamics 

of bird populations at Banc d’Arguin. 
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Two different migratory bird groups use Banc d’Arguin either as a wintering 

or as a breeding area (see Appendix 6.I for details): (1) birds that breed in the arctic, 

subarctic, and temperate regions and spend the winter in the area, a group dominated 

by intertidal-feeding shorebirds (Charadrii) (Wymenga et al., 1990), and (2) 

Afrotropical birds that breed in the area and migrate south afterward, many of which 

are fish-eaters. The latter group includes two endemic subspecies that remain at Banc 

d’Arguin throughout the year: The populations of Mauritanian Spoonbills Platalea 

leucorodia balsaci (Piersma et al., 2012) and Mauritanian Grey Herons Ardea cinerea 

monicae.  

Since the first complete shorebird count in January/February 1980 (Altenburg 

et al., 1982), six more complete winter counts have been conducted: in 1997 (Zwarts 

et al., 1998b), 2000 (Hagemeijer et al., 2004), 2001, 2006 (Diagana & Dodman, 

2006), 2014 (van Roomen et al., 2015), and 2017 (Schekkerman et al. in prep.). In 

addition to the integral counts, in the Iwik region (sections C and D in Fig. 6.1) 

annual winter counts were performed by NIOZ/PNBA teams from December 2003 

(see e.g. van Gils et al. 2013). Except for a comparison between the two counts of 

1980 and 1997 (Zwarts et al., 1998b), these counts and possible changes in waterbird 

numbers since the 1980s have never been analysed. 

Here, we report on the changes in waterbird numbers in the Banc d’Arguin 

over the last four decades. Our objectives were to evaluate changes in species 

abundances and bird community composition between 1980 and 2017 and discuss 

possible ecological drivers of these changes. We also reflect on the required 

frequency of future counts to allow better inferences on the cause of change in the 

waterbird community.  

Methods 

Study area 

The Parc National du Banc d’Arguin, Mauritania (Fig. 6.1) is the largest marine 

protected area in Africa with an area of 12,000 km
2
. The marine part (half of the 

protected area) is characterized by shallow waters (< 20 m, Sevrin-Reyssac 1993), 
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extensive intertidal flats (491 km
2
, Wolff & Smit 1990), and over 15 differently-sized 

uninhabited islands (Campredon, 2000).  

 

Figure 6.1. Map of Parc National du Banc d’Arguin, Mauritania with dark grey 

representing intertidal flats, light grey depicting the sea, and white colour showing the 

land. The dashed line represents the Park boundary. The division into 12 sections (A 

to L) is based on Zwarts et al. (1998a). The underlying map is based on publicly 

available Landsat imagery (NASA, scenes of November 12, 2014).  

 

 

Shorebirds find predictable intertidal feeding habitats adjacent to relatively 

undisturbed islands for roosting, while seabirds use these islands for breeding, and 

feed in the subtidal and offshore areas that are known to be rich in fish (Guénette et 
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al., 2014) and shrimp (Schaffmeister et al., 2006). The area borders the Sahara, with 

no large alternative feeding grounds for shorebirds in the vicinity (the Bijagós 

Archipelago is 1000 km to the south). This emphasizes the crucial importance of this 

area for waterbirds. 

Our study area comprises the central part of Banc d’Arguin (Fig. 6.1; about 

1500 km
2
). It includes >90% of the intertidal area and ≥95% of the total bird numbers 

in the Parc (Zwarts et al., 1998a). Baie d’Arguin (section M in Fig. 6.1) was not 

visited in all counts and was not included in this analysis.  

Bird surveys and data analyses 

The first bird count of Banc d’Arguin was carried out in 1973 and covered only part 

of the area (Knight & Dick, 1975), as was the case during a second attempt in 1978 

(Trotignon et al., 1980). Building on these experiences, seven more or less complete 

winter counts of the Banc d’Arguin have been carried out in January/February, and 

are included in this analysis: 1980, 1997, 2000, 2001, 2006, 2014, and 2017.  

All counts were carried out in periods centred on dates of spring tide and used 

similar tools (telescopes and binoculars) to estimate bird numbers at high-tide roosts. 

The study area was divided into 11 different sections (Fig. 6.1; Zwarts et al. 1998a), 

each subdivided into 2-12 subsections (counting units). To minimise the influence of 

shifts in the use of high-tide roosts by individual birds, subsections within a section 

were usually counted on the same or successive dates. In the 2006 count, the channel 

between the mainland and the island of Tidra was not visited. In some of the other 

counts, a few subsections were not covered adequately. Bird numbers in these 

subsections were replaced by numbers observed there during the nearest successful 

count, corrected for between-year differences in the species’ overall totals on the 

Banc d’Arguin. About 8% of the total waterbird number and between 3% and 25% 

(mean 8%) of the totals per species were thus imputed in 2017, and 3% (0-15% by 

species) in 2014. The slight dependency that this causes between data points reduces 

the accuracy of the statistical analysis, but we decided that this would be less 

problematic than using incomplete counts.  
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From December 2003, annual complete counts were made in Baie d’Aouatif 

and Ebelk Eiznaya (sections C and D in Fig. 6.1), hereafter collectively called the 

Iwik region (NIOZ, unpublished data). These counts were carried out on a single date 

close to spring tide in December or January.  

In the analyses, we combined Western Reef Heron Egretta gularis and Little 

Egret E. garzetta as a single taxon, as they were not distinguished properly in some 

counts. For the same reason the following (sub)species were analysed together: all 

large falcons Falco spp. (Peregrine F. peregrinus, Barbary F. pelegrinoides, Lanner 

F. pelegrinoides, and Saker F. cherrug), Mauritanian Spoonbill with Eurasian 

Spoonbill Platalea leucorodia leucorodia, and the Mauritanian Grey Heron with 

European Grey Heron Ardea cinerea cinerea.  

Changes in waterbird numbers over time were assessed by linear regressions on the 

totals of the seven complete counts as well as of each of the 32 common waterbird 

species in the area (Appendix 6.1). Trends in the yearly count in the Iwik region 

between the winters of 2003/2004 and 2016/2017 were inspected for linear trends in 

the same way and compared with the trends for the whole Banc d’Arguin.  

Permutational multivariate analysis of variance (PERMANOVA) was used to 

evaluate the effect of time and region (sections in Fig. 6.1) on Euclidean distance 

matrix of species composition with 9999 random permutations. Furthermore, factors 

that showed significance in the PERMANOVA were visualized with non-parametric 

multidimensional scaling (NMDS) based on Bray-Curtis distance matrices of species 

composition. The count of 2006 and the Kiaone region (section B in Fig. 6.1) were 

omitted from these analyses because of missing data. Sections C and D as well as G 

and F were combined to represent Iwik and Serini regions, respectively, because they 

were not counted separately in all years. 

Finally, the effects of various ecological variables on population dynamics 

were explored by comparing the explanatory power of a series of linear models, using 

each of the common bird species as one sample. The tested variables included 

breeding region (Palearctic or Afrotropical, associated with long-distance migration 
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and residency/regional movements respectively), use of the Wadden Sea during the 

annual itinerary (yes or no), breeding in Siberia (yes or no), foraging habitat 

(intertidal or subtidal/pelagic), and diet outside the breeding season (one of five 

categories: fish, molluscs, crustaceans, worms, algae, or mixed) (see Appendix 6.I for 

categorization per species). Per-capita population growth rate (slope of the linear 

regression of population size over time, divided by the 2017 population size) was 

used as the response variable, and we used Akaike’s Information Criterion (AICc) to 

select the most parsimonious model. Spearman’s rank correlation test was performed 

to determine possible correlations between per-capita population growth rates of 

numbers in the Iwik region and for the total of Banc d’Arguin. 

Results 

Since the 1980 count (2.38 million birds), the total number of waterbirds has shown a 

significant decline (Fig. 6.2, F1,6 = 10.6, R
2
 = 0.61, P = 0.02).  

 

Figure 6.2. Total water birds numbers over the years in Banc d’Arguin based on 

seven complete counts in January and/or early February. Shaded area shows the 95 % 

CI.  
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Over the study period, 19 species showed declines, while nine other species showed 

increases (Fig. 6.3).  

 

Figure 6.3. Waterbird dynamics, expressed as mean per capita growth rate, in Banc 

d’Arguin between 1980 and 2017. The light grey bars are intertidal foraging species 

and the dark grey bars are subtidal foragers. Spoonbill includes the Mauritanian 

subspecies Platalea leucorodia balsaci with Eurasian Spoonbill P. l. leucorodia. 

Grey Heron includes the Mauritanian Grey Heron Ardea cinerea monicae with 

European Grey Heron A. c. cinerea. Small Heron includes Western Reef Heron 

Egretta gularis and Little Egret E. garzetta.  
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However, in only six species the trends were significant, of which five showed a 

decline (Long-tailed Cormorant, Western Marsh Harrier Circus aeruginosus, Red 

Knot Calidris canutus, Eurasian Curlew Numenius arquata, and Bar-tailed Godwit 

Limosa lapponica, see Appendix 6.I), and one an increase (Great White Pelican 

Pelecanus onocrotalus (F1,6 =6.8, R
2
=0.49, P = 0.048, also in Appendix 6.I). The 

yearly counts of Iwik region revealed that nine species had significant trends: Three 

species showed an increase in numbers (Grey Heron, Common Greenshank Tringa 

nebularia, and Whimbrel Numenius phaeopus), and six species showed a decrease 

(Marsh Harrier, Osprey Pandion haliaetus, Oystercatcher Haematopus ostralegus, 

Curlew Sandpiper Calidris ferruginea, Red Knot, and Bar-tailed Godwit) (see 

Appendix 6.I). We found a significant positive association between per-capita 

population growth in Iwik region and that of total Banc d’Arguin (Spearman rank 

correlation, rs = 0.48, P = 0.008, Fig. S6.1). 

The PERMANOVA analysis revealed a statistically significant effect of both 

time (F(6, 65) = 1.2, P = 0.002) and region (section; F(8, 65) = 9.2, P < 0.001), but their 

interaction was not significant (P > 0.05). These spatial and temporal dissimilarities 

in species composition were further corroborated with an NMDS ordination (Fig. 

6.4), which demonstrated a clear segregation between regions (Fig. 6.4a) as well as 

between the early counts and the more recent ones (Fig. 6.4b). The observed 

segregations (stress = 0.09) were caused mainly by changes in communities of 

intertidal-dependent vs. sublittoral-dependent species (Fig. 6.4). The absence of an 

interaction effect indicates that these changes occurred in a similar way across 

regions. 

The mean annual per-capita growth of the waterbird populations also showed 

a general decrease. Although not significantly different from 0 in a statistical test, the 

population sizes tended to be stable or increasing in species foraging in 

subtidal/pelagic habitats and decreasing in intertidal dependent species, both in 

Palearctic and Afrotropical breeders (Fig. 6.5, for statistics see Appendix 6.II), 

providing support for the trends found in the NMDS ordination. Other explanatory 
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variables (diet, Wadden Sea usage, and whether birds breed in Siberia or not) were 

not correlated with the observed growth rates (Appendix 6.II).  

 

Figure 6.4. Non-parametric NMDS ordination analysis of all species per section in 

all six years. Species that are plotted close together tend to show the same spatial and 

temporal abundance patterns. Subtidal/pelagic foragers are shown in blue and 

intertidal species in green. (a) Mean positions of the different sections are shown in 

black including their convex hull. (b) Mean positions of the different counts are 

plotted including vectors indicating the position of the different years. Lengths of 

vectors indicate the significance of year parameter.  
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Figure 6.5. Mean annual per-capita growth rates per species guild. The average trend 

is significantly negative. This appears to be due to intertidal species (light grey) and 

not the fish eaters (dark grey). Afrotropical (left) and Palearctic (right) migrants show 

similar trends for both intertidal feeders and seabirds.  

 

Discussion 

Since the first complete count in the winter of 1979/1980, the total number of 

waterbirds at Banc d’Arguin has shown a decline. This decline is due to decreases in 

the migratory species dependent on the intertidal flats, while a general increase 

occurred in species depending on subtidal and pelagic fish. Red Knot, Bar-tailed 

Godwit, Eurasian Curlew and Marsh Harrier all declined by 50% or even more in less 

than four decades. The strongest decline, however, was shown by the piscivorous 

Long-tailed Cormorant which seemingly lost 70% of the population. In contrast, 
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White Pelicans showed a tenfold increase (from 600 to 6000 birds) in the course of 

the study period. Other species such as Curlew Sandpiper and Royal Tern showed 

strong declines that were not statistically significant (Fig. 6.3).  

Sources of uncertainty 

We must stress that the results should be interpreted with caution as the chance of the 

occurrence of a type I error (rejection of a true null hypothesis of no change in 

numbers) is high because of performing many linear regressions (one for each 

species), as is the likelihood of a type II error (the acceptance of a false null 

hypothesis) due to low sample sizes (seven counts only). However, the fact that 

similar results were obtained from the yearly monitoring scheme in the Iwik region 

(over a shorter period but with a higher frequency of counts) substantiates our 

findings. 

In addition, the observed changes in numbers between separate counts may 

not always represent the true magnitude of changes, as the counts themselves are 

likely to have large error margins. Firstly, the random error in the count estimate of 

large roosting bird flocks, even by experienced counters, is known to be high 

(Rappoldt et al. 1985 found an average random error of 37%). This error is expected 

to cancel out when counts consist of many counts of small flocks, but flocks on the 

Banc d’Arguin can be very large, and for several species the totals are dominated by a 

few large roosts (Altenburg et al. 1982). For example, in 2014 16-43% (mean 27%) 

of the species totals (both of all common species and of 10 most abundant ones) was 

counted in the one subsection with the highest numbers, and in 2006 almost 1.1 

million birds (more than half of the total count) were counted at Tinimorgawoi (Fig. 

6.1), a high sand bank roost west of Tidra. 

Secondly, roosting waders at Banc d’Arguin often occur in mixed flocks, 

leading to potential misidentification of certain species. For instance, it is easy to 

underestimate less conspicuous and less common species that occur among common 

ones (e.g. Curlew Sandpipers and Little Stints among flocks of Dunlins). Varying 

experience of the observers may also influence the results. In addition, some fish-
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eating species may not be roosting during high tide but continue foraging far from the 

coast, leading to a variable degree of underestimation. An example is the Long-tailed 

Cormorant, in which the total observed at high-tide roosts was 2900 birds in 2017, 

while 4100 were seen arriving at their main night roost on the isle of Zira during one 

dedicated evening count.  

Finally, flocks may be counted double (or not at all) if different roosting areas 

used by the same birds over time are not counted simultaneously. This source of error 

is potentially important in Banc d’Arguin because of our limited knowledge of 

patterns in area use of individual birds in relation to the spatiotemporal variation in 

tidal levels. This applies particularly to outlying areas such as the region west of 

Tidra (Sections I and J in Fig. 6.1), where the largest mudflat area and bird numbers 

occur at Tinimorgawoi. These problems are reduced by counting sections with 

presumably interconnected roosts on the same day as much as possible, but the scale 

of the area is such that this is not always feasible and counts of the entire Banc 

d’Arguin have taken between 10 and 25 days. For a few species, double counts may 

arise because it is difficult to assess in which counting unit they are. This mainly 

applies to Flamingos, which often stand far away in shallow water between counting 

areas, and to White Pelicans of which flocks sometimes spend much of the high-tide 

period in soaring flight. 

Some of these issues may be reduced by using consistent counting techniques 

and by regular training of the observers. However, counting up to two million 

waterbirds, including many similar-looking species in plain non-breeding plumages, 

in a logistically difficult area of about 1500 km
2
 (total area of sections A–L in Fig. 

6.1) where most high-tide roosts can only be reached by boat, and tidal height can 

have a strong influence on the amount and distribution of areas flooded, will always 

have a substantial error margin. 

Interpreting trends in bird numbers 

From the seven complete counts of the Banc d’Arguin, it is clear that bird numbers 

are changing in the area, but also that the frequency as well as the accuracy of the 
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counts since 1980 are too low to accurately determine temporal trends with great 

confidence for most species. Nonetheless, the average per-capita population growth 

rate is significantly negative (mean -0.02, SE = 0.007, model 1 in Appendix 6.II), and 

tends to be lower (although not significantly) in intertidal foraging species than for 

species foraging at sea. This applied to both Afrotropical and Palearctic migrants. 

More data is needed to validate this trend and determine whether species staging in 

the Wadden Sea during migration and breeding in Siberia have lower population 

growth than other migrants, as has been suggested earlier (e.g. van Roomen et al. 

2015). The observed patterns in Palearctic shorebirds and Afrotropical fish-eating 

migrants are likely caused by different mechanisms related variously to phenomena 

occurring at Banc d’Arguin or elsewhere along the migration routes.  

For shorebirds, the decline within Banc d’Arguin is likely due to food 

availability changes (van Gils et al., 2012). Seagrass cover is known to affect the 

benthic assemblage in the area (Honkoop et al., 2008), and thus seagrass dynamics 

may affect shorebirds through a cascading effect on benthic community structure. 

Seagrass beds are the main primary producer, thus driving the functioning and 

stability of the intertidal flat communities (Folmer et al., 2012; van der Heide et al., 

2012; de Fouw et al., 2016a). Recently, it has been found that seagrass cover has 

increased in Banc d’Arguin since the early 1970s as a result of the Sahel drought, 

resulting in a shift in benthic community from a polychaete-dominated to a bivalve-

dominated system (chapter 2), with a sharp decline in worms and the bivalve Dosinia 

isocardia, and an increase in one prey species, the bivalve Loripes orbiculatus (van 

Gils et al., 2013). However, due to Loripes’ sulphide-based metabolism, foragers 

need other prey species to complement a diet of Loripes (Oudman et al., 2014). 

Indeed, Bar-tailed Godwits and Red Knots, two shorebird species that are known to 

heavily depend on polychaetes and Dosinia respectively, have declined in Banc 

d’Arguin according to the total counts as well as the yearly Iwik ones. Other 

polychaete eaters such as Curlew Sandpiper, Kentish Plover, and Ringed Plover have 

shown a decline as well (Fig. 6.3).  
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Another potential cause of a decline in shorebirds could be a cascading effect 

of human fisheries on the benthic community. The illegal fishing of Lusitian 

Cownose Ray Rhinoptera marginata and Bull Ray Pteromylaeus bovinus is expected 

to have changed the dynamics of seagrass beds. These rays eat the large West African 

bloody Cockles Senilia senilis, which may outcompete the similarly suspension-

feeding Dosinia isocardia, now that their stocks are so much greater (Sidi Yahya et 

al. in prep.). Previous research has shown that annual Dosinia densities explain year 

to year differences in the survival of Red Knots (van Gils et al., 2013). However, 

causes of shorebird declines can also relate to what happens in other areas along the 

flyway. Research on Red Knots and Bar-tailed Godwits has shown that rapid climate 

warming in the High Arctic region of Russia is involved in these population declines 

(van Gils et al. 2016, Rakhimberdiev et al. 2018). Also, habitat deterioration and 

disturbance at staging sites elsewhere along the flyway are potential causes (Dias et 

al., 2006; Catry et al., 2011; van Roomen et al., 2012). For instance, Red Knots 

temporarily lost 86% of their suitable foraging area in the Wadden Sea due to habitat 

disturbance (Kraan et al., 2010), once a staging area for females between Siberia and 

West-Africa (Nebel et al., 2000). 

Also, for fish-eating birds the observed population changes may have resulted 

from food web alteration within Banc d’Arguin. For now, the effect of commercial 

fishing of rays and sharks in Banc d’Arguin on prey availability for seabirds remains 

unclear. However, the legal commercial fishing practices may also have affected the 

food web at Banc d’Arguin. They particularly aim at large-bodied fish, which in 

many cases leads to an increase in small-bodied fish of other species (Pauly et al., 

1998; Jackson et al., 2001b; Olden et al., 2007), and also of smaller size classes of the 

same species (van Leeuwen et al., 2008). In addition, elimination of top predators 

such as rays and sharks can release their prey from predatory control (Friedlander & 

DeMartini, 2002; Worm & Myers, 2003; Myers et al., 2007; Olden et al., 2007). 

Hence, piscivorous birds in Banc d’Arguin which forage mainly on small prey, may 

have profited from both the removal of the top predators and commercial fisheries. 
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This bird group, however, consists of species with different ecological requirements 

(Veen et al., 2018) and the specific reasons will differ between species.  

Deterioration of the extent and quality of wetlands and changes in fishing 

practices outside Banc d’Arguin may have contributed to the observed increase in 

Afrotropical species within the Banc d’Arguin. For instance, the Senegal delta, just 

350 km to the south, has experienced major ecological and hydrological changes over 

the last four decades (Triplet & Yésou, 2000; Zwarts et al., 2009), especially the 

construction of the Diama (1986) and Manantali (1988) dams, which have destroyed 

important feeding habitats for waterbirds, and for White Pelicans in particular. The 

offshore area there has also been subjected to severe overfishing over the last few 

decades (Laurans et al., 2004), which may have affected the food availability of 

seabirds in the entire region. These pronounced changes in habitats and food 

availability may have pushed the more southern seabird populations to seek shelter 

and food in Banc d’Arguin. Hence, the tenfold increase in Pelicans at Banc d’Arguin 

may at least partly be due to immigration and not to reproduction of the local 

population. 

Recommendations for improving the monitoring quality 

We recognize that the occurrence of the above phenomena in Banc d’Arguin is 

mostly speculative and stress that precisely their speculative nature calls for more 

targeted research to unravel the causes underlying the population dynamics of the 

waterbirds at Banc d’Arguin. A first step is a more precise quantification of the actual 

changes. Given the unavoidably substantial error margin associated with complete 

counts of Banc d’Arguin (see discussion above), the principal way to achieve this will 

be to conduct such complete counts more frequently, preferably employing a more 

permanent team of observers. Increasing the frequency of counts will allow better 

separation of the trends from the sampling noise. Repetition by the same team will 

help building experience on the terrain, tides, and bird movements, enabling to 

optimise the planning of the counts and standardise the methodology. A preliminary 

exploration of the potential to use annual counts of a sample of subsections as an 
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index of changes in numbers of birds on the entire Banc d’Arguin suggested that this 

approach for now seems to have limited potential due to variation in bird distribution 

within the studied area and the substantial sampling error in the subsection counts 

themselves.  

 Simultaneous with an increased frequency of counts, long-term studies of the 

functioning of the system (e. g., seagrass, benthos and fish) will improve our 

understanding of the causes behind the overall change in bird communities. Finally, a 

yearly count would also mean that all regions of the Banc d’Arguin ecosystem will be 

visited and inspected on a regular basis, which will improve the capacity to detect 

large changes.  
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Appendix 6.I. Bird population dynamics over the years.  

Table S6.1. Dynamics of the common waterbird species in Banc d’Arguin since 1980 based on seven counts. Results of linear regression analyses: P<0.001 ***, 

P<0.01 **, P<0.05 *. Growth rate represents per-capita growth for each species relative to 2017 count. Shaded areas denote significant trends (P<0.05).  

 

Common name Scientific name Group Migration Diet 1980 1997 2000 2001 2006 2014 2017 Growth rate Pearson P- value

Bar-tailed Godwit Limosa lapponica Intertidal Palearctic Worms 542965 348072 402534 373237 496913 245782 251246 -0.020 0.92 **

Caspian Tern Sterna caspia Subtidal Afrotropical Fish 2386 7411 2758 3003 2912 4763 4573 0.013 0.84

Eurasian Curlew Numenius arquata Intertidal Palearctic Crustaceans 14176 6681 10187 8481 11231 4504 5731 -0.026 0.79 *

Curlew Sandpiper Calidris ferruginea Intertidal Palearctic Worms 173104 233793 248948 107318 154401 77160 45174 -0.026 0.86

Dunlin Calidris alpina Intertidal Palearctic Mixed 817709 948831 1023427 814069 618506 653596 850650 -0.006 0.86

Greater Flamingo Phoenicopterus ruber roseus Intertidal Afrotropical Algae 88831 36139 50056 56335 37285 35115 96073 -0.008 0.81

Great Cormorant Phalacrocorax carbo Subtidal Afrotropical Fish 9445 25486 17701 6213 15057 8945 14504 -0.001 0.94

Greenshank Tringa nebularia Intertidal Palearctic Mixed 1457 4118 3904 5124 908 5065 7261 0.028 0.91

Grey Heron Ardea cinerea Intertidal Mixed Fish 3086 3402 4418 4129 1934 2638 3302 -0.005 0.37

Grey Plover Pluvialis squatarola Intertidal Palearctic Worms 23425 15684 19680 18114 68800 21507 29531 0.014 -0.02

Gull-billed Tern Gelochelidon nilotica Intertidal Afrotropical Mixed 110 183 861 792 476 682 443 0.024 0.49

Kentish Plover Charadrius alexandrinus Intertidal Palearctic Worms 17380 5751 2508 6045 665 4922 9792 -0.048 0.71

Large Falcon Falco spp Other Palearctic Mixed 21 13 16 51 13 25 12 -0.012 0.70

Lesser Black-backed Gull Larus fuscus Subtidal Palearctic Fish 8668 15305 33922 14843 20425 6659 6240 -0.007 0.93

Little Stint Calidris minuta Intertidal Palearctic Mixed 43899 13211 65392 41948 36912 25322 14050 -0.020 0.38

Little Tern Sterna albifrons Subtidal Afrotropical Fish 371 3341 257 1386 2999 1005 249 -0.006 0.97

Long-tailed Cormorant Phalacrocorax africanus Intertidal Afrotropical Fish 7787 6616 4641 2984 1359 1016 2938 -0.060 0.96 **

Marsh Harrier Circus aeruginosus Other Palearctic Mixed 61 48 42 44 19 34 34 -0.025 -0.45 **

Osprey Pandion haliaetus Subtidal Palearctic Fish 87 72 112 123 48 64 84 -0.015 0.38

Eurasian Oystercatcher Haematopus ostralegus Intertidal Palearctic Molluscs 9186 5084 7969 6856 3562 7595 7198 -0.008 0.42

Great White Pelican Pelecanus onocrotalus Subtidal Afrotropical Fish 611 1687 3199 1802 8703 4894 7959 0.062 0.94 *

Red Knot Calidris canutus Intertidal Palearctic Molluscs 366355 256106 255658 308014 243145 199861 200867 -0.020 0.73 ***

Redshank Tringa totanus Intertidal Palearctic Mixed 67656 107031 120946 80425 54684 58189 58890 -0.011 0.78

Ringed Plover Charadrius hiaticula Intertidal Palearctic Worms 97991 59984 58168 60015 42086 65654 77091 -0.013 0.53

Royal Tern Sterna maxima Subtidal Afrotropical Fish 3387 690 2782 660 939 752 914 -0.073 0.58

Sanderling Calidris alba Intertidal Palearctic Mixed 33910 21040 23749 20693 31468 51430 41125 0.012 0.58

Sandwich Tern Sterna sandvicensis Subtidal Palearctic Fish 252 198 2107 724 1155 1039 1244 0.023 0.55

Slender-billed Gull Larus genei Subtidal Afrotropical Fish 2462 4478 5811 4398 3256 3289 5176 0.007 0.26

Small Heron Egretta spec Intertidal Afrotropical Fish 5610 6201 5541 5287 3040 2777 3670 -0.016 0.85 *

White Spoonbill Platalea leucorodia Intertidal Mixed Fish 8991 7487 8893 7906 5615 7735 9074 -0.003 0.63

Ruddy Turnstone Arenaria interpres Intertidal Palearctic Mixed 17081 7577 10266 8590 3653 10758 8238 -0.026 0.90

Whimbrel Numenius phaeopus Intertidal Palearctic Crustaceans 15621 15709 31389 13573 5827 23636 27992 0.012 0.89

Year
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Figure S6.1. Linear trends in population growth per individual per year compared between the total 

Banc d’Arguin (x-axis) and the Iwik region (y-axis). Each point is one species. The light grey points 

are intertidal foraging species and the dark grey points are subtidal foragers. The two rates show a 

positive linear relation (F1,30 = 24.4, R
2
 = 0.47, p = 0.008, dashed line). Banc d’Arguin growth rates 

are measured from 1980 to 2017, and Iwik growth rates from 2003 to 2017. 
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Appendix 6.II. Potential factors that might affect waterbirds population dynamics in Banc 

d’Arguin between 1980 and 2017.  

 

Table S6.2. Comparison between the different models based on Akaike’s Information criterion (AIC). 

 

NB. All models are linear models, and response variable is the per-capita growth rate per population. 

Models are compared by Akaike’s Information criterion for small sample sizes (AICc). Parameters 

were estimated by maximizing the log-likelihood. Models are ranked according to their likelihood. 

Model 1 is the best model, but other models also have weak support (AICc weight can be interpreted 

as the chance that this model is actually underlying the patterns in the data). 
a
 “Migrant” refers to whether the species is a Palaearctic and Afrotropical migrants. “Seabird” refers 

to whether the species forages at sea or on the intertidal. “Siberia” refers to whether the species breeds 

in Siberia. “Wadden Sea” refers to whether the species visits the Wadden Sea during migration. “1” 

means that all estimates have the same single estimate, 0 means that all estimates are zero. 
b
 The number of parameters in the model. 

c
 Log-likelihood.  

 

Explanatory variables
a

K
b ΔAICc AICc weight Cum. weight LL

c

1 2 - 0.25 0.25 72.2

2 3 0.61 0.18 0.43 73.8

3 1 0.84 0.16 0.59 70.6

4 3 2.08 0.09 0.67 72.4

5 3 2.19 0.08 0.75 72.3

6 3 2.3 0.08 0.83 72.2

7 4 3.13 0.05 0.88 73.2

8 4 3.16 0.05 0.93 73.1

9 4 4.34 0.03 0.96 72.5

10 4 4.67 0.02 0.99 72.4

11 5 5.82 0.01 1 73.2

12 7 11.96 0 1 73.3

13 8 14.01 0 1 74.1

14 8 14.39 0 1 73.9

15 8 15.42 0 1 73.4

Diet

Diet + Wadden Sea

Diet + Seabird

Diet + Migrant

Migrant

Migrant + Seabird

Siberia + Seabird

Migrant + Wadden Sea

Migrant + Siberia

Migrant + Seabird + Siberia

Model

1

Seabird

0

Siberia

Wadden Sea
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Chapter 7: Synthesis and discussion 

EL-Hacen M. EL-Hacen 

------------------------------------------------------------------------------------------------------------------------- 

The subtropical intertidal flats of Banc d’Arguin play a vital role along the East Atlantic Flyway and 

hence understanding their functioning is important to better protect migratory species. The area was 

subjected to a considerable amount of research in the 1980s in order to develop a preliminary 

conceptual model of the functioning of the system (Altenburg et al., 1982; Piersma, 1982; Zwarts & 

Piersma, 1990; Zwarts et al., 1990; Wolff & Smit, 1990; Hemminga & Nieuwenhuize, 1991; Cuq, 

1993; Wolff et al., 1993b; Duineveld et al., 1993; Hootsmans et al., 1993; Michaelis, 1993; ould 

Dedah, 1993; Wolff et al., 1993a). These early studies established that the large number of wintering 

shorebirds in Banc d’Arguin live on rather little food: “the riddle of Banc d’Arguin” (Engelmoer et al., 

1984).  

Later on, the lion share of ecological studies in the area focussed mostly on addressing this 

riddle by studying in more detail the effect of shorebirds on benthic community (Piersma et al., 1993; 

Michaelis & Wolff, 2001; Wolff & Michaelis, 2008; Wolff et al., 2009; Ahmedou Salem et al., 2014; 

van der Geest et al., 2014), their prey choices (van Gils et al., 2005, 2012, 2013; Onrust et al., 2013; 

Oudman et al., 2016) and habitat use (Piersma et al. 1993; Wiersma & Piersma 1994; Leyrer et al. 

2006). Recently, few studies addressing the resilience of the intertidal flats of Banc d’Arguin 

(Honkoop et al. 2008, van der Heide et al. 2012, Folmer et al. 2012, de Fouw et al. 2016) highlighted 

the need to take into account sediment dynamics, hydrodynamics, tidal elevation, and important 

symbiosis between seagrass and its associated fauna to better understand the functioning of the 

system. Massive die-off events have been reported in the area with tremendous impact on the stability 

of system (de Fouw et al., 2016a). Meanwhile and over the last four decades, the human-pressure on 

the intertidal systems of Banc d’Arguin has been mounting, adding more reason to revaluate the early 

developed model on the functioning of the system.  

Until 40 years ago, the livelihoods of Mauritanians depended completely on what nature has to 

offer locally with limited international trading (Ould Daddah, 2003). For centuries, many people 

followed, with their herds, the grass green-waves driven by the annual precipitation (Ould Daddah, 

2003). Others lived sedentary along semi- and permanent water sources and cultivated mainly cereals 

(sorghum and millet) and legumes (black eyed peas, peanut, and beans). Nomads provided caravan 

cities with animal products and the latter ones provided crops to the passing-by nomads.  

In the early 1970s the entire Sahel region suddenly experienced a prolonged drought, “the 

Sahel drought” (Zeng, 2003). This disrupted the livelihoods and displaced millions from their original 



151 

 

homes. In only a few years, people lost their livestock and livelihood sources. The Sahel drought 

triggered a 90% loss of the vegetation cover (Zwarts et al., 2018) leading to a regime shift from “wet 

Sahel” into “dry Sahel” (Foley et al., 2003). As a consequence the migratory birds suffered severe 

declines (Zwarts et al., 2018) and many of the wildlife especially mammals gone locally extinct (Ray 

et al., 2005; Craigie et al., 2010; Durant et al., 2014; Walther, 2016). The years following were 

characterised by drastic changes in atmospheric conditions (dry, warm, and dusty) and a massive 

migration of people toward more reliable sources of protein, i.e. the cities along the coastline. The 

once uninhabited and to a large extent unexploited coastline became home to almost half of the 

Mauritanian inhabitants. Since then the pressures on coastal habitats have been mounting, threatening 

biodiversity.  

 The Sahel drought traumatised many generations especially the ones that have witnessed the 

drastic ecological and socioeconomic changes, but also the ones that were born just after the peak 

years of the drought and this includes myself. Post-drought generations never saw oryx (Oryx 

dammah), addax (Addax nasomaculatus), dama gazelle (Nanger dama), Saharan cheetah (Acinonyx 

jubatus hecki), North African ostrich (Struthio camelus camelus), lion (Panthera leo), and African 

wild dog (Lycaon pictus), the very species that wandered on the prairies of the Mauritanian Sahel not 

so long ago. People that for many centuries turn their backs to the coast due to the lack of freshwater 

and fishing boats, all of a sudden have to live on the coast and eat fish on a daily basis. The 

socioeconomic turmoil resulted from the fiercely Sahel drought stroke the Mauritanian coastal habitats 

including Parc National du Banc d’Arguin in two ways: (1) The abrupt changes in atmospheric 

conditions characterised by intense dust storms and prolonged drought that are expected to have 

affected seagrass stability and its associated fauna. (2) The increasing human pressure on resources 

especially fisheries that could have negatively affected the seagrass community through trophic 

cascading effects.  

 Another undocumented socioeconomic event that affected Banc d’Arguin ecosystems were the 

introduction of new fishing and trading techniques ignited by the 1989 conflict between Senegal and 

Mauritania. Due to the historical lack of ports and international trading along Mauritanian coast, the 

largest part of the Mauritanian capital was invested in Senegal, a country which had offered 

international trading opportunities for centuries. The uprising between the two countries resulted in 

the loss of this capital and the return of 100,000s of people. Some of them were installed in Banc 

d’Arguin, and this brought experienced traders to the market and launched the beginning of a new era 

of fishing practices in Banc d’Arguin. It is not a coincidence that a few years later, species which had 

never been targeted before (rays and sharks) became prime targets for their fins (to Asian markets) 

and salty-dried meat (to African sub-Saharan consumers).   
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In this thesis, I aimed to fill in some of the gaps in our understanding to the functioning of the 

intertidal flats of Banc d’Arguin by evaluating seagrass community dynamics after the peak years of 

the Sahel drought and to experimentally assess seagrass resilience at the landscape-scale. Specifically, 

I, with great help from my associates, intended to (i) provide an overview on seagrass cover dynamic 

over the last couples of decades and how that effects the benthic community structure and secondary 

production, (ii) examine seagrass resilience (die-off causes and recovery potentials) at the landscape-

scale, (iii) elucidate the underlying mechanisms behind the functioning of the mosaic systems of Banc 

d’Arguin, and finally (iv) evaluate waterbird communities dynamic over the last four decades and 

discuss potential drivers of the observed changes in numbers. Furthermore, I discuss the implications 

of these results for the conservation and protection of the intertidal flats of Banc d’Arguin.  

Seagrass and benthic community dynamins in Banc d’Arguin 

In chapter 2 we found evidence for a long-term, three decadal, increase in the seagrass cover of the 

intertidal flats of the Banc d’Arguin. This seagrass cover increase was associated with a major shift in 

benthic community from a polychaete- to bivalve-dominated system. Moreover, we estimated that this 

led to a substantial decline in the benthic secondary production, which might have consequences for 

benthic consumers such as fish and shorebirds. Seagrass cover was previously shown to be associated 

with differences in benthic composition and biomass (Honkoop et al., 2008; Bouma et al., 2009).  

The change in seagrass cover was likely caused by a combination of (1) the Sahel drought and 

(2) increase in Senilia senilis densities (Fig. 7.1). The Sahel drought caused tremendous loss to 

terrestrial vegetation cover (Niang et al., 2008; Zwarts et al., 2018) and a remarkable increase in the 

frequency and intensity of dust storms (Goudie & Middleton, 1992; Prospero & Lamb, 2003). Dust 

storms affect sediment dynamics which are known to affect seagrass stability and recovery (Folmer et 

al., 2012; Serrano et al., 2016). Sediment deposition could induce seagrass mortality directly through 

burial (Han et al., 2012; Hirst et al., 2017) or indirectly through adverse conditions such as anoxia 

(Brodersen et al., 2017). It has been found that dust storms decreased significantly since 1990s in 

association with an increase in Sahel rainfall (Park et al., 2016). Indeed, the precipitation of the Sahel 

recovered over the last twenty years reaching pre-drought levels (Foltz & McPhaden, 2008; Hagos et 

al., 2008; Munemoto & Tachibana, 2012; Park et al., 2016), which might have led to the observed 

increase in seagrass cover in Banc d’Arguin.  
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Figure 7.1. Conceptual representation of the effect of dust storms (sedimentation) and overfishing 

(removal of top predators) on the seagrass dynamics. Sediment dynamics can cause seagrass die-offs, 

which may relieve Dosinia and polychaete worms from the competition with Loripes. Disappearance 

of rays, especially the bull rays, is expected to increase Senilia densities, which will outcompete 

Dosinia and polychaetes higher on the intertidal gradients.  

 

The West African bloody cockle Senilia senilis (known previously as Anadara senilis and even 

earlier Arca senilis) is a widespread species, at Banc d’Arguin occurring in both sandy and silty 

intertidal flats especially in landlocked bays (Wolff et al., 1987). It has been suggested that the species 

has only few natural predators including oystercatchers (Haematopus ostralegus), the large gastropod 

Cymbium cymbium, and unknown fish species (Wolff et al., 1987). The latter one has been recently 

identifies as different species of rays especially bull ray Pteromylaeus bovinus (Fig 7.2; Lemrabott et 

al., in prep.). These predators are estimated to cause a 10% mortality of the S. senilis per year (Wolff 

et al., 1987).  

Over the last three decades rays and sharks have been subjected to unprecedented fishing 

campaigns in Banc d’Arguin, which have reduced significantly their populations (Lemrabott et al. in 

prep.). This overfishing of rays is hypothesised to have relieved the S. senilis from important top-

down control factors and led to the observed increase in their densities. The recovery of the Sahel 

rainfall is another factor that might have contributed to the spread of S. senilis in Banc d’Arguin. 
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Senilia sp. population dynamics are known to be controlled to a large extent by the rainfall and has 

been used to infer past precipitation records (Azzoug et al., 2012; Brockwell et al., 2013; Mirzaei & 

Shau Hwai, 2016). It is therefore likely that the decrease in dust storms and the increase in rays 

overfishing over the last three decades led to the observed seagrass-Senilia dynamics in Banc 

d’Arguin (Chapter 2). 

Seagrass and Senilia are two system-scale ecosystem engineers that seem to compete for space 

on Banc d’Arguin intertidal flats. Seagrass limits are set by desiccation higher on the gradient while 

Senilia lower gradient is set by predation (Fig. 7.1). Senilia forms densely populated flats which will 

most likely outcompete Dosinia sp. and polychaete worms. At the same time increasing seagrass 

cover creates anoxic conditions which benefit Loripes on behalf of Dosinia and polychaete worms.  

The observed increase in small bivalves, especially Loripes orbiculatus and Abra alba (chapter 

2) will have significant effects on specialised molluscivores such as red knots Calidris canutus 

canutus, as Loripes is toxic when exceeding certain thresholds in the diet (Oudman et al., 2015). Also 

the steep decrease in secondary production may put more pressure on the shorebirds wintering in the 

area as they are already living on little food. The historical (1986) P/B estimation is four times higher 

than the more recent (2014) estimation (Chapter 2). These points will be further discussed in the 

section dealing with waterbirds population dynamics (see below). 

 

Figure 7.2. Preliminary results showing dietary contribution of various prey items to the diet of bull 

ray (Pteromylaeus bovinus) in Banc d’Arguin computed by Stable Isotope Analysis in R (SIAR) 

mixing model. Greyscale (from light to dark) indicates 95, 75 and 25% confidence intervals, 

respectively. Bull ray specimens (n = 13) were collected from different villages in Banc d’Arguin, 

while prey items (Uca, n = 9; Senilia, n = 8; Callinectes, n = 11) were collected from Iwik region.   
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Resilience of the Banc d’Arguin seagrass 

In chapter 3 we showed that: (1) hydrodynamic gradients were strongly associated with the nutrient-

status and stability of seagrass beds, with increasing nutrient limitation and stability at higher levels of 

wave energy; (2) the magnitude effect of fertilisation on seagrass varied tremendously across the 

wave-exposure, with the most exposed site being the most sensitive to biomass loss due to fertilisation 

and the sheltered one the least. The results also suggest that (3) the intertidal seagrass beds of Banc 

d’Arguin are N-limited to a large extent.  

The hydrodynamic forces appear to create more favourable oligotrophic condition for seagrass 

in the northern and more exposed meadows, while the sheltered meadows receive large amounts of 

rich fine-sediment with tidal movements, which result in less favourable conditions (burial and 

nutrient-rich sediments). The more exposed and stable meadows, however, appeared sensitive to N-

addition, suggesting that these meadows are likely to die-off if exposed to nutrient overloads. In the 

siltier and sheltered meadows large-scale seagrass die-off events (de Fouw et al., 2016a) were 

attributed to a combination of sulphide toxicity and desiccation. We identified nutrient overload as a 

potential for seagrass die-off in the more sandier and exposed sites through ammonium toxicity 

(Santamaría et al., 1994; van Katwijk et al., 1997; Brun et al., 2002; Govers et al., 2014a). Although 

there is no evidence that the Banc d’Arguin intertidal system is fuelled by the active upwelling of Cap 

Blanc (Sevrin-Reyssac, 1993), an episodic overflow of nutrients may well hit the northern exposed 

meadows (Carlier et al., 2015), causing a die-off to seagrass beds. Large-scale seagrass die-offs are 

likely to cause a shift in benthic assemblages (Honkoop et al., 2008) and affect waterbirds and fish 

communities of the area.  

 Seagrass die-off events are often followed by an alternative stable state that can be difficult to 

reverse (van der Heide et al., 2007). Different indicators have been suggested to predict critical 

thresholds before regime shifts, including ‘critical slowing down’ in responses to adverse 

environmental conditions (van Nes & Scheffer, 2007; Dakos et al., 2011; van Belzen et al., 2017). In 

chapter 4, we empirically provided evidence for a critical slowing down response in Z. noltii along a 

desiccation gradient at the southern edge of its range (Fig. 7.3). We reveal that at Banc d’Arguin Z. 

noltii has a low capacity to recover after die-off events, providing a clear sign that these meadows are 

on the verge of tipping points especially higher on the intertidal gradient. We also experimentally 

illustrated that the recovery was perturbation size-dependent. We thus identify perturbation size as a 

new dimension that should be considered for future critical slowing down assessments. Assessing 

critical slowing down along intertidal elevation may provide a good indication of vulnerability of 

seagrass to desiccation stress and extreme weather events due to global warming. At Banc d’Arguin, 
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the slowing down along the elevational gradient is likely to manifest itself in an elevation-related loss 

of resilience and a decreasing capacity of the higher intertidal flats to withstand disturbances (Fig. 

7.3). It is important to determine the effect of die-off events on Loripes, Dosinia, and Senilia 

dynamics and how is that going to affect the consumers especially shorebirds? 

 

Figure 7.3. Seagrass recovery chance with increasing elevation (desiccation) and disturbance size. 

Small disturbances lower on the gradients are expected to recover relatively quickly while large 

disturbances higher on the intertidal gradient could shift to an alternative bare stable state. Model 

representation was inspired by (van Katwijk et al., 2016).  

 

The Banc d’Arguin as a sentinel system along the East Atlantic Flyway 

Intertidal systems along the East Atlantic Flyway suffer from various human disturbances including 

eutrophication, overexploitation, and habitat destructions (Lotze, 2005; Lotze et al., 2005; Eriksson et 

al., 2010; Boere & Piersma, 2012). Waterbird populations along this flyway are also declining at 

concerning rates (van Roomen et al., 2012, 2015). These habitat loss and population declines have 

altered many ecological interactions that are important for the functioning of these systems and their 

resilience. In chapter 5 we empirically demonstrated that the mosaics of Banc d’Arguin are the result 

of three-way biogeomorphic engineering loops between flamingos, crabs, biofilms and 

hydrodynamics. This feedback loop can be considered as the first marine example of ecological 

autocatalytic loop (Veldhuis et al., 2018). Here, flamingos and crabs on one side and biofilms on the 

other mutually promote resource recycling and productivity. Our study on this biofilm-engineering 

network gives empirical support for interspecific engineering at large-scales, with consequences for 

several other species. For example, depressions of the mosaics provided thermodynamically 
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favourable microhabitat for waders during both the chill of winter and the warmth of summer. This 

chapter highlights that many important ecological feedbacks occur only in pristine environment where 

human disturbances are limited.  

 In chapter 6 we documented a change in the waterbird community at Banc d’Arguin between 

1980 and 2017. This change is characterised by a decrease in the species which are dependent on the 

intertidal flats and a general increase in subtidal dependent ones. We reported declines in a few iconic 

shorebird species (red knots, bar-tailed godwit) with no increases in others that could fill the niche 

(dunlin). The observed contrasts between Palearctic (shorebirds) and Afrotropical (fish-eating) 

migrants are likely caused by different mechanisms. For shorebirds, if causes of the decline lie within 

Banc d’Arguin, it is likely due to changes in food availability. Seagrass cover is known to affect the 

benthic assemblage in the area (Honkoop et al., 2008), and thus seagrass dynamics are likely to affect 

shorebirds through a cascade effect on benthic community structure. In chapter 2 we found that a 

major shift in benthic community and a decline in secondary productivity occurred in response to 

increasing seagrass cover over the last decades. The loss of Dosinia and the increase of the toxic 

Loripes affects the survival of the molluscivore red knots (van Gils et al., 2013). Bar-tailed godwits 

are specialised vermivores (i.e. they eat polychaete worms, see Duijns et al., 2013), and their decline 

at Banc d’Arguin correlates with a loss of polychaetes (chapter 2). 

The causes of shorebird declines, however, may also lie in other areas along the Flyway. 

Research on red knots and bar-tailed godwits has shown that climate change in the Arctic region 

negatively affects their survival, and is likely to cause population declines (van Gils et al. 2016, 

Rakhimberdiev et al. revised ms.). Other prime suspects are habitat degradation and shellfish fisheries 

at staging sites along the flyway (Dias et al., 2006; Catry et al., 2011; van Roomen et al., 2012). It has 

been estimated, for instance, that in the 1990s red knots lost 86% of its suitable foraging area in the 

Wadden Sea (Kraan et al., 2010), the prime staging site between the breeding and wintering grounds.  

For fish-eating birds, if causes of the observed change lie within Banc d’Arguin, they are also 

likely due to food web alteration. The effect of the ongoing overfishing of top predators (ray and 

sharks) on prey availabilities of seabirds is unclear. The commercial fishing activities often threaten 

large-bodied fish species disproportionately (Friedlander & DeMartini, 2002; Olden et al., 2007) and 

may lead to a an increase in small-bodied fish. The elimination of top predators like rays and sharks 

can cascade into species occurring in the lower trophic by releasing them from predatory control 

(Friedlander & DeMartini, 2002; Worm & Myers, 2003; Myers et al., 2007; Olden et al., 2007). 

Piscivorous birds in Banc d’Arguin may have profited from the removal of the top predators as well as 

the large-bodied fish species. As different fish-eating species eat different fish (Veen et al., 2018) the 
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details of the causation will be different for each species. This calls for more targeted research on the 

bottlenecks for piscivorous birds.  

The apparent increase in Afrotropical species might have been the result of changes that 

happened outside Banc d’Arguin. For instance, the Senegal delta 500 km to the south has experienced 

major ecological and hydrological changes over the last three decades (Triplet & Yésou, 2000), which 

might have destroyed important feeding habitats for waterbirds. The offshore of the area has also been 

subjected to severe overfishing over the last few decades (Laurans et al., 2004), which will probably 

affect the food availability of seabirds. These pronounce changes in habitats and food availability 

might have pushed the more southern seabird populations to seek shelter and food in Banc d’Arguin.  
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jours (1960-2009). Université de La Rochelle.  

Paar, M., Voronkov, A., Hop, H., Brey, T., Bartsch, I., Schwanitz, M., Wiencke, C., Lebreton, B., 

Asmus, R., & Asmus, H. (2016) Temporal shift in biomass and production of macrozoobenthos 

in the macroalgal belt at Hansneset, Kongsfjorden, after 15 years. Polar Biology, 39, 2065–2076.  

Park, J., Bader, J., & Matei, D. (2016) Anthropogenic Mediterranean warming essential driver for 

present and future Sahel rainfall. Nature Climate Change, 6, 941–945.  

Paul, M. & Amos, C.L. (2011) Spatial and seasonal variation in wave attenuation over Zostera noltii. 

Journal of Geophysical Research-Oceans, 116, 1–16.  

Pauly, D., Christensen, V. V., Dalsgaard, J., Froese, R., & Torres, F.J. (1998) Fishing down marine 

food webs. Science, 279, 860–3.  

Pedersen, O., Binzer, T., & Borum, J. (2004) Sulphide intrusion in eelgrass (Zostera marina L.). 

Plant, Cell and Environment, 27, 595–602.  

Peralta, G., Brun, F.G., Hernández, I., Vergara, J.J., & Pérez-Lloréns, J.L. (2005) Morphometric 

variations as acclimation mechanisms in Zostera noltii beds. Estuarine, Coastal and Shelf 

Science, 64, 347–356.  

Peralta, G., Brun, F.G., Pérez-Lloréns, J.L., & Bouma, T.J. (2006) Direct effects of current velocity on 

the growth, morphometry and architecture of seagrasses: a case study on Zostera noltii. Marine 

Ecology Progress Series, 327, 135–142.  

Peralta, G., Pérez-Lloréns, J.L., Hernández, I., Brun, F., Vergara, J.J., Bartual, A., Gálvez, J.A., & 

García, C.M. (2000) Morphological and physiological differences between two morphotypes of 

Zostera noltii Hornem. from the south-western Iberian Peninsula. Helgoland Marine Research, 

54, 80–86.  

Perez-Hurtado, A., Goss-Custard, J.D., & Garcia, F. (1997) The diet of wintering waders in Cádiz 

Bay, southwest Spain. Bird Study, 44, 45–52.  

Pérez-Lloréns, J.L. & Niell, F.X. (1993) Seasonal dynamics of biomass and nutrient content in the 

intertidal seagrass Zostera noltii Hornem. from Palmones River estuary, Spain. Aquatic Botany, 

46, 49–66.  



185 

 

Pergent-Martini, C., Pasqualini, V., Ferrat, L., Pergent, G., & Fernandez, C. (2005) Seasonal 

dynamics of Zostera noltii Hornem. in two Mediterranean lagoons. Hydrobiologia, 543, 233–

243.  

Peterken, C.J. & Conacher, C.A. (1997) Seed germination and recolonisation of Zostera capricorni 

after grazing by dugongs. Aquatic Botany, 59, 333–340.  

Petersen, J.M., Kemper, A., Gruber-Vodicka, H., Cardini, U., van der Geest, M., Kleiner, M., 

Bulgheresi, S., Mußmann, M., Herbold, C., Seah, B.K.B., Antony, C.P., Liu, D., Belitz, A., & 

Weber, M. (2016) Chemosynthetic symbionts of marine invertebrate animals are capable of 

nitrogen fixation. Nature Microbiology, 2, 1–11.  

Petraitis, P.S. & Latham, R.E. (1999) The importance of scale in testing the origins of alternative 

community states. Ecology, 80, 429–442.  

Piersma, T. (1982) Macrobenthic fauna of the intertidal flats. Wintering Waders on the Banc 

d’Arguin, Mauritania. Report of the Netherlands Ornithological Mauritanian Expedition, 49–66.  

Piersma, T. (1987) Production by intertidal benthic animals and limits to their predation by 

shorebirds: a heuristic model. Marine Ecology Progress Series, 38, 187–196.  

Piersma, T. (2007) Using the power of comparison to explain habitat use and migration strategies of 

shorebirds worldwide. Journal of Ornithology, 148, 45–59.  

Piersma, T. (2012) What is habitat quality? Dissecting a research portfolio on shorebirds. Birds and 

habitat: relationships in changing landscapes (ed. by R.J. Fuller.), pp. 383–407. Cambridge 

University Press, Cambridge.  

Piersma, T., de Goeij, P., & Tulp, I. (1993) An evaluation of intertidal feeding habitats from a 

shorebird perspective: towards relevant comparisons between temperate and tropical mudflats. 

Netherlands Journal of Sea Research, 31, 503–512.  

Piersma, T., Lok, T., Chen, Y., Hassell, C.J., Yang, H.-Y., Boyle, A., Slaymaker, M., Chan, Y.-C., 

Melville, D.S., Zhang, Z.-W., & Ma, Z. (2016) Simultaneous declines in summer survival of 

three shorebird species signals a Flyway at risk. Journal of Applied Ecology, 53, 479–490.  

Piersma, T., Van Der Velde, M., El-Hacen, E.-H.M., Lok, T., & Overdijk, O. (2012) Molecular 

verification of the subspecies status of the Mauritanian Spoonbill Platalea leucorodia balsaci. 

Ardea, 100, 131–136.  

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., & R Core Team (2018) nlme: Linear and nonlinear 



186 

 

mixed effects models. R package version 3.1-137, https://CRAN.R-project.org/package=nlme.  

Plus, M., Deslous-Paoli, J.-M., & Dagault, F. (2003) Seagrass (Zostera marina L.) bed recolonisation 

after anoxia-induced full mortality. Aquatic Botany, 77, 121–134.  

Polis, G.A. (1998) Stability is woven by complex webs. Nature, 395, 744–745.  

Post, D.M., Taylor, J.P., Kitchell, J.F., Olson, M.H., Schindler, D.E., & Herwig, B.R. (2008) The role 

of migratory waterfowl as nutrient vectors in a managed wetland. Conservation Biology, 12, 

910–920.  

Potouroglou, M., Bull, J.C., Krauss, K.W., Kennedy, H.A., Fusi, M., Daffonchio, D., Mangora, M.M., 

Githaiga, M.N., Diele, K., & Huxham, M. (2017) Measuring the role of seagrasses in regulating 

sediment surface elevation. Scientific reports, 7, 11917.  

Prospero, J.M. & Lamb, P.J. (2003) African droughts and dust transport to the Caribbean: climate 

change implications. Science, 302, 1024–7.  

Quinn, G.P. & Keough, M.J. (2002) Experimental design and data analysis for biologists. Cambridge 

University Press, Cambridge, UK.  

R Development Core Team. (2017) R: a language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-project.org/.  

Rakhimberdiev, E., Duijns, S., Karagicheva, J., Camphuysen, C.J., Dekinga, A., Dekker, R., Gavrilov, 

A., ten Horn, J., Jukema, J., Saveliev, A., Soloviev, M., Tibbitts, T.L., van Gils, J.A., Piersma, T., 

& Castricum, V. (2018) Fuelling conditions at staging sites can mitigate Arctic warming effects 

in a migratory bird. Nature Communications, 9, 4263.  

Rappoldt, C., Kersten, M., & Smit, C. (1985) Errors in large-scale shorebird counts. Ardea, 73, 13–24.  

Rasheed, M.A. (2004) Recovery and succession in a multi-species tropical seagrass meadow 

following experimental disturbance: the role of sexual and asexual reproduction. Journal of 

Experimental Marine Biology and Ecology, 310, 13–45.  

Ratajczak, Z., D’Odorico, P., Collins, S.L., Bestelmeyer, B.T., Isbell, F.I., & Nippert, J.B. (2017) The 

interactive effects of press/pulse intensity and duration on regime shifts at multiple scales. 

Ecological Monographs, 87, 198–218.  

Ray, J.., Hunter, L., & Zigouris, J. (2005) Setting conservation and research priorities for larger 

African carnivores. WCS Working Paper No. 24.  



187 

 

Reichholf, J.H. (1986) Is saharan dust a major source of nutrients for the Amazonian rain forest? 

Studies on Neotropical Fauna and Environment, 21, 251–255.  

Reise, K. (1977) Predator exclusion experiments in an intertidal mud flat. Helgoländer 

Wissenschaftliche Meeresuntersuchungen, 30, 263–271.  

Rietkerk, M., Dekker, S.C., de Ruiter, P.C., & van de Koppel, J. (2004) Self-organized patchiness and 

catastrophic shifts in ecosystems. Science, 305, 1926–1929.  

Rizzolo, J.A., Barbosa, C.G.G., Borillo, G.C., et al. (2017) Soluble iron nutrients in Saharan dust over 

the central Amazon rainforest. Atmospheric Chemistry and Physics, 17, 2673–2687.  

Robertson, J.R., Fudge, J.A., & Vermeer, G.K. (1981) Chemical and live feeding stimulants of the 

sand fiddler crab, Uca pugilator (Bosc). Journal of Experimental Marine Biology and Ecology, 

53, 47–64.  

Rodríguez-Pérez, H. & Green, A.J. (2006) Waterbird impacts on widgeongrass Ruppia maritima in a 

Mediterranean wetland: comparing bird groups and seasonal effects. Oikos, 112, 525–534.  

Rodríguez-Pérez, H. & Green, A.J. (2012) Strong seasonal effects of waterbirds on benthic 

communities in shallow lakes. Freshwater Science, 31, 1273–1288.  

van Roomen, M., Laursen, K., van Turnhout, C., van Winden, E., Blew, J., Eskildsen, K., Günther, K., 

Hälterlein, B., Kleefstra, R., Potel, P., Schrader, S., Luerssen, G., & Ens, B.J. (2012) Signals 

from the Wadden sea: population declines dominate among waterbirds depending on intertidal 

mudflats. Ocean & Coastal Management, 68, 79–88.  

van Roomen, M., Nagy, S., Foppen, R., Dodman, T., Citegetse, G., & Ndiaye, A. (2015) Status of 

coastal waterbird populations in the East Atlantic Flyway. With special attention to Flyway 

populations making use of the Wadden Sea. Rapport Sovon.  

Ruesink, J.L., Yang, S., & Trimble, A.C. (2015) Variability in carbon availability and eelgrass 

(Zostera marina) biometrics along an estuarine gradient in Willapa Bay, WA, USA. Estuaries 

and Coasts, 38, 1908–1917.  

Sanders, D., Jones, C.G., Thébault, E., Bouma, T.J., van der Heide, T., van Belzen, J., & Barot, S. 

(2014) Integrating ecosystem engineering and food webs. Oikos, 123, 513–524.  

Santamaría, L., Dias, C., & Hootsmans, M.J.M. (1994) The influence of ammonia on the growth and 

photosynthesis of Ruppia drepanensis Tineo from Doniana National Park (SW Spain). 

Hydrobiologia, 275–276, 219–231.  



188 

 

Schaffmeister, B.E., Hiddink, J.G., & Wolff, W.J. (2006) Habitat use of shrimps in the intertidal and 

shallow subtidal seagrass beds of the tropical Banc d’Arguin, Mauritania. Journal of Sea 

Research, 55, 230–243.  

Scheffer, M., Carpenter, S., Foley, J. a, Folke, C., & Walker, B. (2001) Catastrophic shifts in 

ecosystems. Nature, 413, 591–6.  

Scheffer, M. & Carpenter, S.R. (2003) Catastrophic regime shifts in ecosystems: linking theory to 

observation. Trends in Ecology & Evolution, 18, 648–656.  

Scheiffarth, G. (2001) The diet of Bar-tailed Godwits Limosa lapponica in the Wadden Sea: 

combining visual observations and faeces analyses. Ardea, 89, 481–494.  

Schrama, M., Jouta, J., Berg, M.P., & Olff, H. (2013) Food web assembly at the landscape scale: 

using stable isotopes to reveal changes in trophic structure during succession. Ecosystems, 16, 

627–638.  

Schrijvers, J., Camargo, M.., Pratiwi, R., & Vincx, M. (1998) The infaunal macrobenthos under East 

African Ceriops tagal mangroves impacted by epibenthos. Journal of Experimental Marine 

Biology and Ecology, 222, 175–193.  

Schwikowski, M., Seibert, P., Baltensperger, U., & Gaggeler, H.W. (1995) A study of an outstanding 

Saharan dust event at the high-alpine site Jungfraujoch, Switzerland. Atmospheric Environment, 

29, 1829–1842.  

Scott, J.J., Renaut, R.W., & Owen, R.B. (2012) Impacts of flamingos on saline lake margin and 

shallow lacustrine sediments in the Kenya Rift Valley. Sedimentary Geology, 277–278, 32–51.  

Seddon, S., Connolly, R.M., & Edyvane, K.S. (2000) Large-scale seagrass dieback in northern 

Spencer Gulf, South Australia. Aquatic Botany, 66, 297–310.  

Séret, B. & Naylor, G.J.P. (2016) Rhynchorhina mauritaniensis, a new genus and species of 

wedgefish from the eastern central Atlantic (Elasmobranchii: Batoidea: Rhinidae). Zootaxa, 

4138, 291–308.  

Serrano, O., Lavery, P., Masque, P., Inostroza, K., Bongiovanni, J., & Duarte, C. (2016) Seagrass 

sediments reveal the long-term deterioration of an estuarine ecosystem. Global Change Biology, 

22, 1523–1531.  

Sevrin-Reyssac, J. (1993) Hydrology and underwater climate of the Banc d’Arguin, Mauritania: a 

review. Hydrobiologia, 258, 1–8.  



189 

 

Shanahan, T.M., Overpeck, J.T., Anchukaitis, K.J., Beck, J.W., Cole, J.E., Dettman, D.L., Peck, J.A., 

Scholz, C.A., & King, J.W. (2009) Atlantic forcing of persistent drought in West Africa. Science, 

324, 377–80.  

Short, F.T., Burdick, D.M., & Kaldy, J.E. (1995) Mesocosm experiments quantify the effects of 

eutrophication on eelgrass, Zostera marina. Limnology and Oceanography, 40, 740–749.  

Short, F.T. & Wyllie-Echeverria, S. (1996) Natural and human-induced disturbance of seagrasses. 

Environmental Conservation, 23, 17–27.  

Smith, D.J. & Underwood, G.J.C. (1998) Exopolymer production by intertidal epipelic diatoms. 

Limnology and Oceanography, 43, 1578–1591.  

Smith, N.F., Wilcox, C., & Lessmann, J.M. (2009) Fiddler crab burrowing affects growth and 

production of the white mangrove (Laguncularia racemosa) in a restored Florida coastal marsh. 

Marine Biology, 156, 2255–2266.  

Soissons, L.M., Han, Q., Li, B., van Katwijk, M.M., Ysebaert, T., Herman, P.M.J., & Bouma, T.J. 

(2014) Cover versus recovery: contrasting responses of two indicators in seagrass beds. Marine 

Pollution Bulletin, 87, 211–219.  

Soissons, L.M., Li, B., Han, Q., van Katwijk, M.M., Ysebaert, T., Herman, P.M.J., & Bouma, T.J. 

(2016) Understanding seagrass resilience in temperate systems: the importance of timing of the 

disturbance. Ecological Indicators, 66, 190–198.  

Sprung, M. (1994) Macrobenthic secondary production in the intertidal zone of the Ria Formosa—a 

lagoon in southern Portugal. Estuarine, Coastal and Shelf Science, 38, 539–558.  

Stal, L.J. (2003) Microphytobenthos, their extracellular polymeric substances, and the morphogenesis 

of intertidal sediments. Geomicrobiology Journal, 20, 463–478.  

Steinfeldt, R., Sültenfuß, J., Dengler, M., Fischer, T., & Rhein, M. (2015) Coastal upwelling off Peru 

and Mauritania inferred from helium isotope disequilibrium. Biogeosciences, 12, 7519–7533.  

Stienen, E.W.M., Brenninkmeijer, A., & Klaassen, M. (2008) Why do gull-billed terns Gelochelidon 

nilotica feed on fiddler crabs Uca tangeri in Guinea-Bissau. Ardea, 96, 243–205.  

Suding, K.N., Gross, K.L., Houseman, G.R., et al. (2004) Alternative states and positive feedbacks in 

restoration ecology. Trends in Ecology & Evolution, 19, 46–53.  

Sundbäck, K. & Mcglathery, K. (2013) Interactions between benthic macroalgal and microalgal mats. 



190 

 

Interactions between macro- and microorganisms in marine sediments (ed. by E. Kristensen, 

R.R. Haese, and J.E. Kostka), pp. 7–29. American Geophysical Union.  

Swap, R., Garstang, M., Greco, S., Talbot, R., & Kållberg, P. (1992) Saharan dust in the Amazon 

Basin. Tellus B: Chemical and Physical Meteorology, 44, 133–149.  

Terrados, J. & Ramírez-García, P. (2011) Cover and edge length to area ratio of seagrass (Thalassia 

testudinum) meadows in coral reef lagoons (Veracruz Reef System, Southwest Gulf of México). 

Aquatic Conservation: Marine and Freshwater Ecosystems, 21, 224–230.  

Thomson, J.A., Burkholder, D.A., Heithaus, M.R., Fourqurean, J.W., Fraser, M.W., Statton, J., & 

Kendrick, G.A. (2015) Extreme temperatures, foundation species, and abrupt ecosystem change: 

an example from an iconic seagrass ecosystem. Global Change Biology, 21, 1463–1474.  

Touchette & Burkholder (2000) Review of nitrogen and phosphorus metabolism in seagrasses. 

Journal of experimental marine biology and ecology, 250, 133–167.  

Triplet, P. & Yésou, P. (2000) Controlling the flood in the Senegal Delta: do waterfowl populations 

adapt to their new environment? Ostrich, 71, 106–111.  

De Troch, M., Vandepitte, L., Raes, M., Suàrez-Morales, E., & Vincx, M. (2005) A field colonization 

experiment with meiofauna and seagrass mimics: effect of time, distance and leaf surface area. 

Marine Biology, 148, 73–86.  

Trotignon, E.J., Baillou, M., Dejonghe, J.-F., Duhautois, L., & Lecomte, M. (1980) Recensement 

hivernal des limicoles et autres oiseaux aquatiques sur le Banc d’Arguin (Mauritanie) (hiver 

1978-1979). L’Oiseau et R.F.O., 50, 323–343.  

Turner, S.J., Hewitt, J.E., Wilkinson, M.R., Morrisey, D.J., Thrush, S.F., Cummings, V.J., & Funnell, 

G.A. (1999) Seagrass patches and landscapes: the influence of wind-wave dynamics and 

hierarchical arrangements of spatial structure on macrofaunal seagrass communities. Estuaries, 

22, 1016–1032.  

Uhrin, A. V, Kenworthy, W.J., & Fonseca, M.S. (2011) Understanding uncertainty in seagrass injury 

recovery: an information-theoretic approach. Ecological applications : a publication of the 

Ecological Society of America, 21, 1365–79.  

Unsworth, R.K.F., Collier, C.J., Waycott, M., Mckenzie, L.J., & Cullen-Unsworth, L.C. (2015) A 

framework for the resilience of seagrass ecosystems. Marine Pollution Bulletin, 100, 34–46.  

Vacchi, M., Montefalcone, M., Bianchi, C.N., Morri, C., & Ferrari, M. (2012) Hydrodynamic 



191 

 

constraints to the seaward development of Posidonia oceanica meadows. Estuarine, Coastal and 

Shelf Science, 97, 58–65.  

Valadou, B., Brethes, J.C., & Inejih, C.A.O. (2006) Biological and ecological data of five 

Elasmobranch species from the waters of the Banc d’Arguin National Park (Mauritania). Cybium, 

30, 313–322.  

Valle, M., Chust, G., del Campo, A., Wisz, M.S., Olsen, S.M., Garmendia, J.M., & Borja, Á. (2014) 

Projecting future distribution of the seagrass Zostera noltii under global warming and sea level 

rise. Biological Conservation, 170, 74–85.  

Vanderstraeten, P., Lénelle, Y., Meurrens, A., Carati, D., Brenig, L., Delcloo, A., Offer, Z.Y., & 

Zaady, E. (2008) Dust storm originate from Sahara covering Western Europe: a case study. 

Atmospheric Environment, 42, 5489–5493.  

Veen, J., Dallmeijer, H., & Veen, T. (2018) Selecting piscivorous bird species for monitoring 

environmental change in the Banc d’Arguin, Mauritania. Ardea, 106, 5–18.  

Veldhuis, M.P., Berg, M.P., Loreau, M., & Olff, H. (2018) Ecological autocatalysis: a central 

principle in ecosystem organization? Ecological Monographs, 0, 1–16.  

Veldhuis, M.P., Howison, R.A., Fokkema, R.W., Tielens, E., & Olff, H. (2014) A novel mechanism 

for grazing lawn formation: large herbivore-induced modification of the plant-soil water balance. 

Journal of Ecology, 102, 1506–1517.  

Veraart, A.J., Faassen, E.J., Dakos, V., van Nes, E.H., Lürling, M., & Scheffer, M. (2011) Recovery 

rates reflect distance to a tipping point in a living system. Nature, 481, 357.  

Verboven, N. & Piersma, T. (1995) Is the evaporative water loss of knot Calidris canutus higher in 

tropical than in temperate climates? Ibis, 137, 308–316.  

Vermaat, J.E. & Verhagen, F.C.A. (1996) Seasonal variation in the intertidal seagrass Zostera noltii 

Hornem.: coupling demographic and physiological patterns. Aquatic Botany, 52, 259–281.  

Viaroli, P., Bartoli, M., Giordani, G., Naldi, M., Orfanidis, S., & Zaldivar, J.M. (2008) Community 

shifts, alternative stable states, biogeochemical controls and feedbacks in eutrophic coastal 

lagoons: a brief overview. Aquatic Conservation: Marine and Freshwater Ecosystems, 18, S105–

S117.  

Viechtbauer, W. (2010) Conducting meta-analyses in R with the metafor package. Journal of 

Statistical Software, 36, 1–48.  



192 

 

Virnstein, R.W. (1977) The importance of predation by crabs and fishes on benthic infauna in 

Chesapeake Bay. Ecology, 58, 1199–1217.  

Vizy, E.K., Cook, K.H., Vizy, E.K., & Cook, K.H. (2012) Mid-twenty-first-century changes in 

extreme events over northern and tropical Africa. Journal of Climate, 25, 5748–67.  

Vuolo, F., Mattiuzzi, M., & Atzberger, C. (2015) Comparison of the Landsat surface reflectance 

climate data record (CDR) and manually atmospherically corrected data in a semi-arid European 

study area. International Journal of Applied Earth Observation and Geoinformation, 42, 1–10.  

Walther, B.A. (2016) A review of recent ecological changes in the Sahel, with particular reference to 

land-use change, plants, birds and mammals. African Journal of Ecology, 54, 268–280.  

Waycott, M., Duarte, C.M., Carruthers, T.J.B., Orth, R.J., Dennison, W.C., Olyarnik, S., Calladine, 

A., Fourqurean, J.W., Heck, K.L., Hughes, A.R., Kendrick, G. a, Kenworthy, W.J., Short, F.T., 

& Williams, S.L. (2009) Accelerating loss of seagrasses across the globe threatens coastal 

ecosystems. Proceedings of the National Academy of Sciences of the USA, 106, 12377–81.  

Wiersma, P. & Piersma, T. (1994) Effects of microhabitat, flocking, climate and migratory goal on 

energy expenditure in the annual cycle of red knots. Condor, 96, 257–279.  

Wijnsma, G., Wolff, W.J., Meijboom, A., Duiven, P., & De Vlas, J. (1999) Species richness and 

distribution of benthic tidal flat fauna of the Banc d’Arguin, Mauritania. Oceanologica Acta, 22, 

233–243.  

Williams, S.L. (1990) Experimental studies of Caribbean seagrass bed development. Ecological 

Monographs, 60, 449–469.  

Wolff, W.J., Duiven, A.G., Duiven, P., Esselink, P., Gueye, A., Meijboom, A., Moerland, G., & 

Zegers, J. (1993a) Biomass of macrobenthic tidal flat fauna of the Banc d’Arguin, Mauritania. 

Hydrobiologia, 258, 151–163.  

Wolff, W.J., van Etten, J.P.C., Hiddink, J.G., Montserrat, F., Schaffmeister, B.E., Vonk, J.A., & de 

Vries, A.B. (2009) Predation on the benthic fauna of the tidal flats of the Banc d’Arguin, 

Mauritania. Coastal Ecosystems of West Africa. Biological Diversity – Resources – Conservation 

(ed. by J.-J. Symoens), pp. 43–59. Brussels.  

Wolff, W.J., Gueye, A., Meijboom, A., Piersma, T., & Alassane Sall, M. (1987) Distribution, 

biomass, recruitment and productivity of Anadara senilis (L.) (Mollusca: Bivalvia) on the Banc 

d’Arguin, Mauritania. Netherlands Journal of Sea Research, 21, 243–253.  



193 

 

Wolff, W.J., van der Land, J., Nienhuis, P.H., & de Wilde, P.A.W.J. (1993b) The functioning of the 

ecosystem of the Banc d’Arguin, Mauritania: a review. Hydrobiologia, 258, 211–222.  

Wolff, W.J. & Michaelis, H. (2008) Do shorebirds graze down zoobenthic biomass at the Banc 

d’Arguin tidal flats in Mauritania? Estuarine, Coastal and Shelf Science, 79, 491–495.  

Wolff, W.J. & Smit, C.J. (1990) The Banc d’Arguin, Mauritania, as an environment for coastal birds. 

Ardea, 78, 17–38.  

Worm, B. & Myers, R.A. (2003) Meta-analysis of cod-shrimp interactions reveals top-down control in 

oceanic food webs. Ecology, 84, 162–173.  

Wright, J.P. & Jones, C.G. (2006) The concept of organisms as ecosystem engineers ten years on: 

progress, limitations, and challenges. BioScience, 56, 203–209.  

Wright, J.P., Jones, C.G., & Flecker, A.S. (2002) An ecosystem engineer, the beaver, increases 

species richness at the landscape scale. Oecologia, 132, 96–101.  

Wymenga, E., Engelmoer, M., Smit, C.J., & van Spanje, T.M. (1990) Geographical breeding origin 

and migration of wader wintering in West Africa. Ardea, 78, 83–112.  

Young, N.E., Anderson, R.S., Chignell, S.M., Vorster, A.G., Lawrence, R., & Evangelista, P.H. 

(2017) A survival guide to Landsat preprocessing. Ecology, 98, 920–932.  

Yu, Y., Notaro, M., Wang, F., Mao, J., Shi, X., & Wei, Y. (2017) Observed positive vegetation-

rainfall feedbacks in the Sahel dominated by a moisture recycling mechanism. Nature 

Communications, 8, 1873.  

van der Zee, E.M., Angelini, C., Govers, L.L., Christianen, M.J.A., Altieri, A.H., van der Reijden, 

K.J., Silliman, B.R., van de Koppel, J., van der Geest, M., van Gils, J.A., van der Veer, H.W., 

Piersma, T., de Ruiter, P.C., Olff, H., & van der Heide, T. (2016) How habitat-modifying 

organisms structure the food web of two coastal ecosystems. Proceedings of the Royal Society B, 

283, 20152326.  

Zeileis, A. & Hothorn, T. (2014) Partykit: a toolkit for recursive partytioning. Journal of Machine 

Learning Research, 16, 3905–9.  

Zeng, N. (2003) Drought in the Sahel. Science, 302, 999–1000.  

Zhu, Z., van Belzen, J., Hong, T., Kunihiro, T., Ysebaert, T., Herman, P.M.J., & Bouma, T.J. (2016) 

Sprouting as a gardening strategy to obtain superior supplementary food: evidence from a seed-



194 

 

caching marine worm. Ecology, 97, 3278–3284.  

Zuur, A.F., Ieno, E.N., & Elphick, C.S. (2010) A protocol for data exploration to avoid common 

statistical problems. Methods in Ecology and Evolution, 1, 3–14.  

Zwarts, L. (1985) The winter exploitation of fiddler crabs Uca tangeri by waders in Guinea-Bissau. 

Ardea, 73, 3–12.  

Zwarts, L., Bijlsma, R.G., & van der Kamp, J. (2018) Large decline of birds in Sahelian rangelands 

due to loss of woody cover and soil seed bank. Journal of Arid Environments, 155, 1–15.  

Zwarts, L., Bijlsma, R.G., van der Kamp, J., & Wymenga, E. (2009) Living on the edge: wetlands and 

birds in a changing Sahel. Marine Technology Society Journal.  

Zwarts, L. & Blomert, A.-M. (1990) Selectivity of whimbrels feeding on fiddler crabs explained by 

component specific digestibilities. Ardea, 78, 193–208.  

Zwarts, L., Blomert, A.M., Ens, B.J., Hupkes, R., & van Spanje, T.M. (1990) Why do waders reach 

high feeding densities on the intertidal flats of the Banc d’Arguin Mauritania? Ardea, 78, 39–52.  

Zwarts, L., van der Kamp, J., Overdijk, O., van Spanje, T., Veldkamp, R., West, R., & Wright, M. 

(1998a) Wader count of the Baie d’Arguin, Mauritania, in February 1997. Wader Study Group 

Bull., 86, 70–73.  

Zwarts, L., van der Kamp, J., Overdijk, O., van Spanje, T.M., Veldkamp, R., West, R., & Wright, M. 

(1998b) Wader count of the Banc d’Arguin, Mauritania, in January/February1997. Wader Study 

Group Bull., 86, 53–69.  

Zwarts, L. & Piersma, T. (1990) How important is the Banc d’Arguin, Mauritania, as a temporary 

staging area for waders in spring? Ardea, 78, 113–121.  

 

  



195 

 

Summary 

The motive 

The Banc d’Arguin plays crucial role in both flyway and swimway contexts. It is a home for the 

largest wintering shorebird concentrations in the world and the largest breeding seabird colonies in 

Africa. It is also the most important fish nursery in the region including endangered species. The Banc 

d’Arguin contains the largest intertidal seagrass beds in Africa and one of the most pristine along the 

East Atlantic Flyway. It is the only know fossil estuary in the world. 

The objectives 

Despite their important ecological values, the seagrass beds of Banc d’Arguin, however, have received 

little attention compared to the more northern meadow along the Flyway, if only for the lack of 

resilience studies. The central goal of this thesis was to gain more understanding into the functioning 

of seagrass beds in Banc d’Arguin, with a focus on seagrass dynamic and resilience. To do so, I aimed 

to (i) first assess seagrass dynamic history using long-term Landsat imagery and compare benthic 

community structure (biomass, species composition) and secondary productivity (P/B) between 

historical (1986) and recent (2014) large-scale benthic surveys; (ii) study the effect of hydrodynamic 

on seagrass stability, morphology, nutrient-content, and its response to nutrient overload; (iii) assess 

the recovery potential of seagrass after disturbance along an intertidal elevation gradient and identify 

the main environmental factors affecting the recovery rate; (iv) investigate the underlying mechanisms 

driving the functioning of the mosaics of Banc d’Arguin; and (v) study waterbird populations 

dynamics over the last four decades in Banc d’Arguin and discuss possible drivers of changes.  

The main findings 

In chapter 2, we found compiling evidence of a large-scale benthic community shift from polychaete 

to bivalves dominated intertidal flats, in concordance with twofold increase in seagrass cover. This 

shift resulted in a substantial decrease in the secondary production as well as important prey items for 

shorebirds. These outcomes add further concerns to the future of shorebirds along the East Atlantic 

Flyway; beside the loss of habitats the loss of favourable food items appeared to be an important 

aspect that should be taken into account for future conservation and management measures. 

 In chapter 3, we found that hydrodynamic gradient had strong spatial and temporal effects on 

seagrass nutrient-status and stability, with increasing nutrient limitation and stability with increasing 

wave energy. We found also that the magnitude effect of nutrient addition on seagrass varied 

tremendously across the wave-exposure, with the most exposed site being most sensitive to biomass 
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loss due to fertilisation and the sheltered one being least sensitive. The results also suggest that the 

intertidal seagrass beds of Banc d’Arguin are N-limited to a large extent. 

 In chapter 4, we found evidence for a critical slowing down response in Z. noltii along a 

desiccation gradient at the southern edge of its range. The results revealed that the Z. noltii in Banc 

d’Arguin has a low capacity to recover after die-off events, providing a clear sign that these meadows 

are on the verge of tipping points especially higher on the intertidal gradient. We also experimentally 

illustrated that the recovery was size-dependent and identify perturbation size as a new dimension that 

should be considered for future critical slowing down assessments. Finally, assessing critical slowing 

down along intertidal elevation may provide a good indication of vulnerability of seagrass to 

desiccation stress and extreme weather events due to global warming. At Banc d’Arguin, the slowing 

down along the elevational gradient is likely to manifest itself in an elevation-related loss of resilience 

and a decreasing capacity of the higher intertidal flats to withstand disturbances. 

 In chapter 5 we empirically demonstrated that the mosaics of Banc d’Arguin are the result of 

three-way biogeomorphic engineering loops between flamingos, crabs, biofilms and hydrodynamics. 

This feedback loop can be considered as the first marine example of ecological autocatalytic loop, 

where flamingos and crabs on one side and biofilms on the other mutually promote resource recycling 

and productivity. This chapter highlighted that many ecological interaction can only demonstrated in 

pristine habitats where animals can still live in harmony.  

 In chapter 6 we compiled six complete counts since January 1980 with additional yearly 

counts made in a subunit (Iwik region) since 2003, and presented evidence of changes in waterbirds 

community composition in the past four decades. Our results suggest a general decline in species that 

are dependent on the intertidal mudflats for feeding and an increase in species depending on fish and 

shrimps in the sublittoral and the offshores. 

Directions for future research: what is still missing? 

This thesis answered some fundamental questions in intertidal ecology especially with respect to 

subtropical seagrass resilience. As is the rule in science, several questions, remain unanswered even 

though they may be key to the conservation and understanding of Banc d’Arguin ecosystem. Here, I 

suggest future directions for research and long-term monitoring programs to better protect the area.  

 Seagrass clearly is very dynamic with consequence on ecosystem functioning such as benthos 

species composition and productivity (chapter 2). The causes of the observed seagrass change are 

quite well, but certainly not fully understood. The response of benthic community to seagrass change 

was based on only two snap-shot surveys rather than a time-series, and this leaves an important gap 
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about seasonality (Ahmedou Salem et al., 2014) and inter-annual variability at the landscape scale. 

Furthermore, our benthic analyses did not take into account the large African bloody cockle Senilia 

senilis, which limited our understanding to the observed benthic community shift and seagrass 

dynamic. In fact, assessments of the role of this abundant species in the functioning of the system are 

still lacking. For example, it is so far not clear what the drivers of Senilia abundances are? And what 

is the effect of Senilia dynamic on seagrass, Loripes, and Dosinia population dynamics? 

 The recovery experiment was conducted on one site (chapter 4) without taking into account the 

effect of hydrodynamic, sediment type, and nutrient states. These factors appeared to play important 

role in seagrass resilience (chapter 3). Thus, to make better prediction about seagrass recovery at the 

landscape scale, the study should be replicated on contrasting hydrodynamic forces sites.  

 Finally, the results of waterbird populations’ changes highlight also the need for regular and 

long-term research and monitoring plans to better understand waterbird dynamics, with the birds give 

us a window of observation and understanding the sustainability of the Banc d’Arguin ecosystem. 

Banc d’Arguin managers should strive to have long-term monitoring programs that include biological 

(birds, mammals, benthos, seagrass, and phytoplankton) and physical (temperature, wind, 

sedimentation, nutrient fluxes, and turbidity) indicators. Our current understanding to the functioning 

of Banc d’Arguin intertidal flats is based notably on the efforts of a group of Dutch scientists from 

NIOZ Royal Netherlands Institute for Sea Research and the University of Groningen, who keep on 

organising annual expeditions since the 1980s. Furthermore, the IMROP long-term monitoring to 

fisheries is now put to good use and should considerably improve our understanding to the fish 

dynamics in Banc d’Arguin (Lemrabott in prep.).  

The area, however, will greatly benefit from long-term assessments of its benthic and avifauna 

as well as the main prevailing abiotic conditions. Giving the ongoing decline along the flyways, 

waterbirds in Banc d’Arguin should be subjected to a long-term mentoring program “IMROP style” 

with fixed researcher “enquêteurs” on the ground. Also the Dutch-Mauritanian monitoring program to 

the Mauritanian Spoonbill Platalea leucorodia balsaci has helped in understanding its environmental 

requirement and attempts to improve the breeding success of this endemic subspecies (Piersma et al., 

2012). The Mauritanian Grey Heron Ardea cinerea monicae, another endemic subspecies, has a 

conservation status that is not known. It is of great concern that there is hardly any information on 

their ecology and an urgent ringing program is needed to assess their population state and survival.  

In offering this thesis for public defence, I am also offering my commitment to help reach all 

these goals. I believe that the Parc National du Banc d’Arguin has the potential to become the 
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international hub for evidence-based coastal conservation efforts and be part of the ‘planetary’ 

monitoring of our connected global ecosystems that should be all’s concern. 
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Samenvatting  

Het motief 

De Banc d’Arguin speelt een belangrijke rol in de vlieg- en zwemroutes van migrerende soorten. Het 

gebied herbergt ‘s werelds grootste kolonies overwinterende kustvogels en de Afrika’s grootste 

kolonies zeevogels. Daarnaast is het de belangrijkste vissenkraamkamer van de regio, en een thuis 

voor verscheidene bedreigde soorten. Binnen de Banc d’Arguin ligt het grootste droogvallende 

zeegrasveld van Afrika; het meest ongerepte veld binnen de Oost-Atlantische vliegroute. Tevens is het 

de enige bekende fossiele delta in de wereld. 

De doelen  

Vergeleken met de meer noordelijk gelegen groeiplaatsen binnen de west-Atlantische vliegroutes 

hebben de zeegrasvelden in de Banc d’Arguin weinig aandacht gekregen, ondanks de grote 

ecologische waarden. Het doel van deze thesis was daarom om inzicht te krijgen in het functioneren 

van de zeegrasvelden van de Banc d’Arguin, gefocust op de zeegras dynamiek en veerkracht. Om dit 

te bereiken heb ik (i) de historische zeegrasdynamiek bestudeerd aan de hand van lange-termijn 

satelliet (Landsat) beelden, en heb ik grootschalige benthische surveys gebruikt om de historische 

(1986) en recente (2014) structuur van de benthische levensgemeenschap (biomassa, 

soortensamenstelling) en secundaire productie (P/B) te vergelijken; (ii) de effecten bestudeerd van de 

hydrodynamiek op zeegras stabiliteit, morfologie, nutriëntengehalte van zeegras, en hoe dit veranderd 

onder een nutriëntenoverschot; (iii) vastgesteld wat het herstelpotentieel is van zeegras na verstoring 

over een intergetijde gradient in hoogte, en geindentificeerd wat de belangrijkste omgevingsvariabelen 

zijn die de hersteltijd beinvloeden; (iv) onderzocht wat de belangrijkste mechanismen zijn achter het 

functioneren van mozaïeken binnen de Banc d’Arguin; en (v) de populatiedynamica van watervogels 

de afgelopen vier decennia bestudeerd, en in kaart gebracht wat de mogelijke oorzaken zijn van de 

veranderingen. 

De hoofdresultaten 

In hoofdstuk 2 verzamelen we overtuigend bewijs dat er een grootschalige verschuiving in benthische 

leefgemeenschap heeft plaatsgevonden, van een wormen-gedomineerd naar een schelpdieren-

gedomineerd intergetijde gebied. Dit valt samen met een verdubbeling van het zeegras areaal. Deze 

verschuiving resulteerde in een wezenlijke afname van secundaire productie en in een afname van een 

aantal belangrijke prooien voor kustvogels. Deze resultaten vergroten de zorgen over de toekomst van 

de kustvogels binnen de Oost Atlantische vliegroute: Naast verlies aan leefgebied, is er dus ook een 
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afname in de meest gunstigste prooien. Voor toekomstige bescherming moeten dus beide aspecten 

worden meegenomen in beheersmaatregelen. 

In hoofdstuk 3 ontdekken we dat de hydrodynamica een sterke ruimtelijke en tijdsgebonden 

invloed heeft op zeegras nutriënt-inhoud en stabiliteit, met meer nutriënt gelimiteerdheid en stabiliteit 

op locaties met grotere golfenergie. We tonen aan dat de effecten van een nutriëntenoverschot enorm 

verschillen met de mate van blootstelling aan golven. Locaties met veel golven waren gevoeliger voor 

biomassa verlies door een nutriëntenoverschot dan de beschutte locaties. Deze resultaten suggereren 

ook dat de intergetijde zeegrasvelden van de Banc d’Arguin voor een groot gedeelte N-gelimiteerd 

zijn. 

In hoofdstuk 4 laten we zien dat er een ‘critical slowing down’ reactie gaande is in Zostera 

Noltii over een uitdrogingsgradient aan de meest zuidelijke grens van zijn voorkomensgebied. We 

vinden dat Z. Noltii in Banc d’Arguin een lage capaciteit heeft om te herstellen na afsterving, wat 

duidelijk aangeeft dat deze velden op de rand van een kantelpunt staan, zeker hogerop in het 

intergetijdegebied. Experimenteel hebben we vastgesteld dat het herstel afhing van de patch grootte, 

waardoor verstorings-grootte als een nieuwe dimensie moet worden meegenomen in testopstellingen 

voor ‘critical slowing down’ inschattingen. Ten slotte kan een inschatting van ‘critical slowing down’ 

langs een hoogte gradient in het intergetijdegebied een goede indicatie geven van de kwetsbaarheid 

van het zeegras tegen uitdroging stress en extreme weersomstandigheden veroorzaakt door de 

opwarming van de aarde. Op de Banc d’Arguin zal de mate van ‘critical slowing down’ over de 

hoogtegradient zich waarschijnlijk uiten in hoogte-afhankelijke verlies in veerkracht en een 

verminderde capaciteit van de hogere gebieden om verstoringen te weerstaan. 

In hoofdstuk 5 demonstreren we proefondervindelijk dat de mozaïeken op de Banc d’Arguin 

het gevolg zijn van een drieweg biogeomorfologische samenwerking van flamingos, krabben, biofilms 

en hydrodynamica. Deze wisselwerking kan als eerste voorbeeld in het veld van ecologische 

autocatalytische samenwerking worden beschouwd, waarbij flamingos en krabben enerzijds, en 

biofilms anderzijds, gezamenlijk productiviteit en nutrientenrecycling bevorderen. Dit hoofdstuk 

benadrukt dat er vele ecologische interacties zijn die alleen kunnen worden aangetoond in ongerepte 

leefomgevingen zoals de Banc d’Arguin, waar de organismen nog in natuurlijke harmonie kunnen 

leven. 

In hoofdstuk 6 hebben we 6 grootschalige vogeltellingen uit januari 1980 samengevoegd met 

jaarlijkse tellingen sinds 2003 uit een deelgebied van de Banc d’Arguin (de Iwik regio), en 

presenteren we bewijs van veranderingen in watervogel leefgemeenschap samenstelling in de 

afgelopen veertig jaar. Onze resultaten suggereren een algemene afname in soorten die afhankelijk 
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zijn van droogvallende wadplaten voor voedsel, en een toename in soorten die foerageren op garnalen 

en vissen in het sublitoraal en verder uit de kust. 

Richtingen voor verder onderzoek: wat weten we nog niet? 

Dit proefschrift heeft enkele fundamentele vragen beantwoord over met name de veerkracht van 

subtropische zeegrasecosystemen in het intergetijdegebied. Zoals altijd binnen de wetenschap blijven 

meerdere vragen onbeantwoord, hoewel dergelijke vragen mogelijk een sleutelrol kunnen spelen in 

het behoud en begrip van het ecosysteem op de Banc d’Arguin. Om dit gebied beter te kunnen 

beschermen geef ik hier suggesties voor toekomstige onderzoeksrichtingen en lange-termijn 

monitoringsprogramma’s. 

Zeegras is zeer dynamische soort met grote invloed op het gehele ecosysteem, zoals op de 

benthische soortensamenstelling en productiviteit (hoofdstuk 2). De oorzaken voor de waargenomen 

veranderingen in zeegras worden na dit onderzoek behoorlijk goed, maar zeker nog niet compleet 

begrepen. De gevolgen voor benthische leefgemeenschappen van de zeegras veranderingen is hier 

onderzocht door te kijken op twee specifieke momenten in de tijd, in plaats van over een langere tijd. 

Hierdoor worden mogelijke seizoensinvloeden (Ahmedou Salem et al. 2014) en interjaarlijkse variatie 

op de landschap schaal niet meegenomen. Bovendien hebben onze benthische analyses weinig 

rekening gehouden met de grote Afrikaanse kokkelsoort Senilia senilis, wat ons begrip van de 

waargenomen benthische leefgemeenschaps en zeegras veranderingen beperkt. Feitelijk mist de 

kennis over de rol van deze in de Banc d’Arguin zeer algemene soort in het functioneren van het 

ecosysteem volledig. Zo is bijvoorbeeld niet bekend wat de voornaamste factoren zijn die de 

aanwezigheid en populatiedynamica van Senilia verklaren. Ook zijn de effecten van 

dichtheidsveranderingen in Senilia op zeegras, Loripes en Dosina populaties onbekend. 

Het herstel experiment was uitgevoerd op een locatie (hoofdstuk 4), zonder rekening te houden 

met de effecten van hydrodynamica, sediment type, en nutriënten inhoud van het zeegras. Dat terwijl 

deze factoren wel een belangrijke rol spelen in zeegras veerkracht (hoofdstuk 3). Om dus een betere 

voorspelling te maken van zeegras herstel op een landschap-schaal, zou het experiment moeten 

worden herhaald op plekken met verschillende hydrodynamische omstandigheden. 

Ten slotte benadrukken de resultaten van de watervogel populatie studie de noodzaak voor een 

regelmatig en lange-termijn onderzoek en monitoring, om tot een beter begrip van de watervogel 

dynamica te komen. De watervogels kunnen namelijk inzicht geven over de duurzaamheid van het 

gehele ecosysteem. Beheerders van de Banc d’Arguin zouden dus moeten streven naar lange-termijn 

monitoringsprogramma’s die zowel biologische (vogels, zoogdieren, benthos, zeegras, fytoplankton) 
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als fysische (temperatuur, wind, sedimentatie, nutriëntstromen, troebelheid) indicatoren. Onze huidige 

kennis van het functioneren van het intergetijde waddensysteem in de Banc d’Arguin is vooral 

gebaseerd op het werk van een groep Nederlandse wetenschappers van het Koninklijk Nederlands 

Instituut voor Zeeonderzoek en van de Rijksuniversiteit Groningen, welke jaarlijkse expedities 

organiseren sinds 1980. Verder wordt de data van de Mauritaanse Instituut voor Visserij en 

Oceanographie (IMROP) lange-termijn visserij monitoring nu goed geanalyseerd en zal onze kennis 

van visdynamiek in de Banc d’Arguin aanzienlijk verbeteren (Lemrabott in voorbereiding). 

Het gebied zal echter veel profijt hebben aan lange-termijn beoordelingen van zijn benthische 

en vogel leefgemeenschappen, net als van de voorkomende abiotische factoren. Gezien de 

geconstateerde afname over de gehele vliegroute zouden watervogels in de Banc d’Arguin beter 

gemonitord moeten worden, middels een ‘IMROP’-aanpak en met vaste waarnemers ter plaatse en 

regelmatige analyse en rapportage over de resultaten. Ook het Nederlands-Mauritaanse 

monitoringsprogramma gericht op de Mauritaanse lepelaar (Platalea leucorodia balsaci) heeft het 

begrip over zijn omgevingseisen vergroot, en probeert zo het broedsucces van deze endemische 

ondersoort te vergroten (Piersma et al. 2012). Een andere endemische ondersoort, de Mauritaanse 

grijze reiger (Ardea cinerea monicae) heeft momenteel een onbekende status van instandhouding. Er 

is grote bezorgdheid omdat er geen enkele informatie over de ecologie van deze soort aanwezig is. Zo 

is aan een ring-project voor deze soort urgent, waardoor duidelijker wordt wat de toestand van de 

populatie van deze soorten is, en of er zorgen moeten zijn over de instandhouding van de populatie 

van deze bijzondere ondersoort. 

Bij het aanbieden van dit proefschrift ter publieke verdediging, wil ik afsluiten met het 

toezeggen van mijn blijvende persoonlijke inzet voor het bereiken van boven beschreven doelen. Ik 

denk dat het Nationale Park Banc d’Arguin de potentie heeft om zich te ontwikkelen tot een 

internationale spil in onderzoek-gedreven kustbeheer, als onderdeel van een globale monitoring voor 

onze verbonden ecosystemen over de gehele wereld. Dit zou ieders inzet zou moeten zijn met een 

passie voor dit unieke habitat.  
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Résumé de la thèse 

Les motivations de la thèse 

Le Banc d'Arguin joue un rôle crucial, par sa position au croisement des voies de migration, à la fois 

des oiseaux et poissons migrateurs. Il héberge les plus grandes concentrations d'oiseaux de rivage 

hivernants au monde et les plus grandes colonies d'oiseaux de mer nicheurs en Afrique. Il est 

également la plus importante zone de nurserie de poisson dans la région, y compris des espèces 

menacées. Le Banc d’Arguin est répandu par la plus large zone intertidale à herbiers marins en 

Afrique et l’une des plus proches de l’état écologique vierge, le long de la voie de migration Est-

Atlantique. La présence des traits des conditions hydrologiques anciennes, lui confère d'être le seul 

estuaire fossile connu au monde. 

Les objectifs 

Malgré leurs valeurs écologiques importantes, les herbiers du Banc d’Arguin, cependant, ont suscité 

peu d'attention pour la recherche comparativement aux herbiers du Nord situés le long de la voie de 

migration, ne serait-ce que pour le manque d'études de résilience. L’objectif central de cette thèse était 

de mieux comprendre le fonctionnement des prairies d’herbiers du Banc d’Arguin, en mettant l’accent 

sur leur dynamique et résilience. Pour y arriver, nous proposons (i) d'abord d’évaluer l'historique de la 

dynamique des herbiers marins à l'aide d'images effectuées à long terme par Landsat, et comparer la 

structure de la communauté benthique (biomasse, composition spécifique) et la productivité 

secondaire (P/B) obtenues dans deux investigations du benthos à grande échelle, réalisées en 1986 

(historique) et en 2014 (récente) ; (ii) étudier les effets de l'hydrodynamisme sur la stabilité, la 

morphologie, la teneur en éléments nutritifs des herbiers et leurs réponses à une surcharge en éléments 

nutritifs ; (iii) évaluer le potentiel de récupération des herbiers marins en zone intertidale après une 

perturbation le long d'un gradient latitudinal et identifier les principaux facteurs environnementaux 

affectant le taux de récupération ; (iv) examiner les mécanismes sous-jacents au fonctionnement des 

mosaïques du Banc d’Arguin ; et (v) étudier la dynamique des populations d’oiseaux aquatiques au 

Banc d’Arguin au cours des quatre dernières décennies et discuter les facteurs de changement 

possibles. 

Les principaux résultats 

Le chapitre 2 présente une synthèse des connaissances des communautés benthiques à grande échelle, 

montrant un basculement des polychètes aux bivalves dominants dans les bancs intertidaux, en accord 

avec un doublement de la couverture en herbiers. Ce changement a entraîné une diminution 

substantielle de la production secondaire ainsi que les principales proies pour les oiseaux de rivage. 

Ces résultats projettent de nouvelles préoccupations sur l'avenir des oiseaux de rivage le long de la 
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voie de migration Est-Atlantique ; à part la dégradation des habitats, la perte des proies favorables 

apparait en tant qu’aspect important qui doit être pris en compte dans les futures mesures de 

conservation et de gestion. 

Au chapitre 3, nous avons trouvé que le gradient hydrodynamique avait des effets spatio-

temporels forts sur le statut des nutriments au niveau des herbiers et de leur stabilité, pour lesquels 

l’action croissante des vagues est proportionnelle avec la limitation en nutriments et la stabilité des 

herbiers. Nous avons également constaté que l'ampleur de l’effet de l’addition d’une charge de 

nutriments sur les herbiers est étroitement liée à l’exposition aux actions des vagues ; le site le plus 

exposé étant le plus sensible à la perte de biomasse due à la fertilisation et le site protégé étant moins 

sensible. Les résultats suggèrent également que l’azote est un facteur limitant, dans une large mesure, 

pour les herbiers intertidaux du Banc d’Arguin. 

Au chapitre 4, nous avons mis en évidence la présence ‘d’un ralentissement critique’, c’est-à-

dire, l’augmentation du temps de rétablissement de systèmes complexes à l’approche d’un point de 

bascule, chez Zostera noltii le long d'un gradient de dessiccation à la limite septentrionale de son aire 

de répartition, au Banc d’Arguin. Les résultats ont révélé que Z. noltii du Banc d’Arguin a une faible 

capacité de récupération après avoir subi des évènements mortels, ce qui indique clairement que ces 

prairies sont sur un point tournant, en particulier sur la partie supérieure de la zone intertidale. Notre 

expérimentation illustre que la récupération des herbiers est fonction de l’intensité de la perturbation, 

laquelle a été identifiée comme une nouvelle dimension à prendre en compte dans les futures 

évaluations de la réponse critique des herbiers. Enfin, l’évaluation du ralentissement critique le long 

d’un gradient latitudinal peut fournir un bon indice de la vulnérabilité des herbiers marins au stress de 

dessiccation et aux phénomènes météorologiques extrêmes dus au réchauffement climatique. Au Banc 

d’Arguin, le ralentissement le long d’un gradient latitudinal semble être en rapport avec le gradient 

latitudinal de la résilience et la diminution de la capacité des bancs intertidaux supérieurs à résister 

aux perturbations. 

Au chapitre 5, nous avons démontré de manière empirique que les mosaïques du Banc 

d’Arguin sont le résultat d’une boucle tri-directionnelle entre organismes ingénieurs constitués des 

flamants roses, des crabes, des biofilms et de l’hydrodynamisme. Cette boucle rétroactive peut être 

considérée comme le premier exemple d’une boucle écologique marine auto-catalytique, où les 

flamants roses et crabes d'un côté et biofilms de l'autre côté favorisent mutuellement le recyclage des 

éléments et la productivité du milieu. Ce chapitre a mis en évidence le fait que de nombreuses 

interactions écologiques ne peuvent être démontrées que dans des habitats intacts où les organismes 

peuvent vivre en harmonie. 
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Le chapitre 6 présente une synthèse des sept campagnes de dénombrement des oiseaux au 

Banc d’Arguin effectuées depuis janvier 1980, en plus des dénombrements annuels spécifiques de la 

région d’Iwik initiés depuis 2003. Elle met en évidence un changement dans la composition des 

communautés des oiseaux marins dans les quatre décennies passées. Nos résultats suggèrent un déclin 

général des espèces qui dépendent des vasières intertidales pour se nourrir et une augmentation des 

espèces qui dépendent des poissons et des crevettes en zones du sublittoral et du large. 

Orientations pour les recherches futures : quelles lacunes faudrait-il combler ?  

Cette thèse apporte des réponses à certaines questions fondamentales en écologie de la zone 

intertidale, en particulier la résilience des herbiers marins subtropicaux. Il n’est pas exception, en 

science, que plusieurs questions restent sans réponses quoiqu’elles puissent être essentielles pour la 

conservation et la compréhension de l’écosystème du Banc d’Arguin. Par conséquent, nous proposons 

quelques orientations pour les futures recherches et les programmes de suivi à long terme afin de 

mieux fonder les bases de la protection de cette zone sur des avis scientifiques bien élaborés. 

Les herbiers marins sont visiblement très dynamiques avec des conséquences sur le 

fonctionnement de l’écosystème, notamment la composition des communautés benthiques et la 

productivité (chapitre 2). Les causes du changement observé des herbiers sont bien étudiées, mais ne 

sont certainement pas entièrement comprises. L’impact de la dynamique des herbiers sur la 

communauté benthique a été étudié en se basant sur deux investigations ponctuelles plutôt qu’un suivi 

à long terme, ce qui masque la variabilité saisonnière (Ahmedou Salem et al., 2014) et interannuelle à 

une échelle générale. De plus, les analyses du benthos n’ont pas pris en compte l’espèce Senilia 

senilis, ce qui limite nos connaissances au changement observé dans la structure des communautés 

benthiques et à la dynamique des herbiers marins. En fait, le rôle de cette espèce, très abondante en 

zone intertidale, dans le fonctionnement de l’écosystème du Banc d’Arguin reste peu étudié. Par 

exemple, on ne sait pas encore quels sont les facteurs déterminants de l’abondance de Senilia, ni quel 

est l’effet de la dynamique de Senilia sur la dynamique des herbiers marins et les populations de 

Loripes et de Dosinia. 

L'expérimentation mise en œuvre pour l’étude de récupération des herbiers a été menée sur un 

site (chapitre 4) sans tenir compte de l'effet de l'hydrodynamisme, du type de sédiment et de l'état des 

éléments nutritifs. Ces facteurs semblent jouer un rôle important dans la résilience des herbiers marins 

(chapitre 3). Ainsi, afin de mieux prédire la récupération des herbiers à une échelle plus large, il 

convient de reconduire l’étude sur des sites présentant des contrastes de force hydrodynamique. 

Enfin, les résultats des changements dans les populations d’oiseaux aquatiques soulignent 

également la nécessité de mise en place de programmes de recherche réguliers sur le long terme et des 
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plans de suivi afin d’approfondir les connaissances sur les dynamiques des oiseaux aquatiques ; les 

connaissances sur les oiseaux peuvent donner une ouverture à travers laquelle on comprend des 

phénomènes, utiles dans la compréhension de l’écosystème du Banc d’Arguin, qui aident à sa 

conservation et à sa durabilité. Les gestionnaires du Banc d’Arguin doivent s’efforcer à avoir des 

programmes de suivi à long terme comprenant des indicateurs biologiques (oiseaux, mammifères, 

benthos, herbiers marins et phytoplancton) et physiques (température, vent, sédiment, flux d’éléments 

nutritifs et turbidité). Nos connaissances actuelles du fonctionnement des écosystèmes des bancs 

intertidaux du Banc d’Arguin sont le fruit des efforts déployés par les scientifiques Néerlandais de 

l’Institut royal des Pays-Bas pour la recherche maritime (NIOZ) et de l’Université de Groningen, qui 

ont la tradition d’organiser des expéditions annuelles initiées depuis les années 1980. De plus, les 

données de suivi à long terme de pêcheries du Banc d’Arguin, mis en œuvre par l’Institut Mauritanien 

de Recherches Océanographiques et de Pêches (IMROP), sont maintenant en cours d’analyse et 

devraient améliorer considérablement notre connaissance sur les tendances des ressources exploitées 

au Banc d’Arguin (Lemrabott, en préparation). 

Cependant, le Banc d’Arguin bénéficiera fortement des programmes établis sur le long terme 

pour l’étude des communautés benthiques et le dénombrement des oiseaux, ainsi que l’étude des 

conditions abiotiques dominantes. Compte tenu du déclin actuel le long des voies de migration, un 

programme de suivi, à l’instar de celui des pêcheries, devrait être dédié aux oiseaux aquatiques du 

Banc d’Arguin et mis en œuvre par des enquêteurs permanant sur le terrain. Le programme de suivi 

conjoint Mauritano-Néerlandais des spatules Mauritaniennes, Platalea leucorodia balsaci, a 

également permis de mieux comprendre ses exigences environnementales et tente d'améliorer le 

succès de reproduction de cette sous-espèce endémique (Piersma et al., 2012). Dans le même ordre 

d’idée, le statut de conservation du héron cendré Mauritanien Ardea cinerea monicae, une autre sous-

espèce endémique, n’est pas connu ; cette espèce est préoccupante en l’état actuel faible d’existence 

d’information sur leur écologie. Ceci plaide pour la mise en place d’un programme urgent de baguage 

pour évaluer leur état de survie. 

En proposant cette thèse pour une soutenance publique, je propose également mon engagement 

d'aider à atteindre les objectifs précédemment énoncés. Ma confiance est mise aux potentialités que 

possède le Parc National du Banc d’Arguin pour devenir la plaque tournante internationale des efforts 

de conservation des zones côtières sensibles, fondés sur les connaissances scientifiques, et pour faire 

partie du suivi « planétaire » des écosystèmes connectés à l’échelle mondiale, ce qui devrait être la 

préoccupation de tous.  
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سبيل المثال الزلنا النعرف العوامل التي تتحكم في ظاهرة ازدهار و انحسار هذ المحار علي نطاق واسع ؟ وما هو تأثير هذه 

)لوريبس( و )دوزينيا( المهيمنين في هذا النظام البيئي ؟ الديناميكية على األعشاب البحرية و نوعي   

لقد اقيمت تجربة تحديد مدى مرونة األعشاب البحرية في التعامل مع اإلضرابات وكذلك قدرتها على استعمار األماكن التي ماتت فيها 

رية ونوعية الرواسب ووضعية المغذيات على نفس المسطح المدي بدون األخذ بعين االعتبار التأثير المحتمل لقوة التيارات البح

( وعليه ومن 3، هذه العوامل تبين لنا فيما بعد أنها تلعب دورا هاما في أداء ومقاومة األعشاب البحرية لالضطرابات )الفصل  المعدنية

جربة في مناطق متعددة أجل فهم أعمق يسمح بالتنبؤ بإمكانية مقاومة وأداء هذه األعشاب على نطاق واسع فإن علينا تكرار هذه الت

 . متباينة في القوى المائية الدافعة

وأخيرا فإن نتائج التغير في هيكلة أنواع الطيور المائية في المنطقة سلط الضوء على ضرورة وضع برنامج بحث ومتابعة طويل األمد 

، القائمون على  نظم البيئية لحوض آرغين، حيث أن هذه الطيور توفر نافذة لالطالع على مدى استدامة وأداء ال ألعدادها وموائلها

البيئية وأصحاب المصالح عليهم السعي من أجل إقامة برنامج متابعة طويل األمد للمكونات البيولوجية )طيور،  المحمية والمنظمات

، تدفق المغذيات  سبات، التر ، الرياح ، والعوالق البحرية( ولال إحيائية )درجات الحرارة ، أعشاب بحرية ، حيوانات القاع ثدييات

، إن فهمنا الحالي ألداء المسطحات  ، وصفاء وجودة المياه البحرية( والتي تشكل مؤشرا مهما عن مدى صحة هذه النظم المعدنية

المدية لحوض آرغين مبني بشكل كبير على الجهود التي يقوم بها الباحثون الهولنديون في المعهد الملكي الهولندي لبحوث البحار 

. وبجب التنويه إلى أن  لك جامعة "خرونيجن" واللذين لم يفتؤوا ينظمون رحالت علمية سنوية منذ الثمانينات من القرن الماضيوكذ

( يتم IMROPبرنامج المتابعة طويل االمد للصيد واالسماك المقام به من طرف المعهد الموريتاني لبحوث المحيطات والصيد )

ظم البيئية في المحمية ومن المتوقع أن يساهم بشكل كبير في تعميق فهمنا لها وفي فهم تأثير ديناميكية وضعه مؤخرا في السياق العام للن

. كخالصة فإن المنطقة سوف تستفيد بشكل كبير من إقامة  (Lemrabottاألسماك على بقية العوامل األخرى حتى تكتمل الصورة )

كذلك للعوامل لال إحيائية والمناخية السائدة. ونظرا للتراجع الحاصل في أعداد برنامج تقييم طويل األمد لحيوانات القاع والطيور و

الطيور المهاجرة على طول مسار الهجرة الشرق أطلسي فإنه من الواجب علينا إعداد برنامج متابعة لها خاص بحوض آرغين على 

 .  ت بشكل مستمر" وذلك عن طريق تكوين وتخصيص فريق ميداني ثابت يجمع المعلوماIMROPطريقة "

ويجب التنويه هنا إلى أن البرنامج الهولندي الموريتاني لمتابعة ودراسة طيور ألمالعقي الموريتانية قد ساعد كثيرا على التعرف على 

. أما فيما يتعلق بطائر مالك الحزين  (Piersma et al., 2012متطلباتها البيئية وعلى تحسين ظروف تعشيش هذا النوع المهدد )

، وإن عدم  موريتاني فإن وضعيته البيئية غير معروفة لحد كبير رغم أن مسؤولية حمايته تقع بشكل كامل على الدولة الموريتانيةال

وجود أي معلومات بيئية عن هذا النوع بما فيها وضعية حمايته )التزايد ، التناقص( لمقلق جدا على مستقبل هذا النوع ولذلك فإنه من 

 اسة عن وضعيتها ونسبة نموها )برامج تختيم وتعليم ومتابعة(. المستعجل إقامة در

من خالل عرض ومناقشة هذه األطروحة أمام الجمهور فإني أقدم التزامي التام إلدارة الحظيرة الوطنية لحوض آرغين وللدولة 

يرة الوطنية لحوض آرغين لديها كل ، وإني مؤمن كل اإليمان أن الحظ الموريتانية من أجل أي مساعدة من شأنها تحقيق هذه األهداف

المؤهالت لتصبح مركزا دوليا نموذجيا لدراسة وتقييم جهود المحافظة في المناطق الساحلية وألن تلعب الدور المحوري المرجو منها 

. رف الجميعفيما يتعلق بمتابعة ودراسة هذه النظم البيئية العالمية والمترابطة والتي يجب أن تكون محل اهتمام ومتابعة من ط   
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فقد وجدنا أدلة قويا علي وجود معيار "التباطؤ الحرج" كردة فعل لألعشاب البحرية قبل الموت علي امتداد الفصل الرابع  أما في

، كما كشفت هذه النتائج أن هذ النوع من األعشاب البحرية له  االنحدار المدي )الجفاف المدي( في حد تواجدها الجنوبي من العالم

عيفة علي استعمار المناطق الميتة، مما يوحي أن هذه المروج على حافة نقطة تحول من مسطحات مخضرة إلي أخري مقدرة ض

، إضافة إلي ذلك فقد أوضحنا تجريبيًا أن احتمال التعافي من االنهيار ارتبط بشكل كبير بحجم االضطراب  جرداء خاصة المرتفعة منها

خذه في الحسبان في الدراسات التي تستخدم معيار "التباطؤ الحرج" كإنذار مبكر في النظم وحددنا حجم االضطراب كبعد جديد يجب أ

، وأخيرا فقد تبين لنا أن استخدام معيار "التباطؤ الحرج" يمكن أن يستدل به علي حساسية األعشاب البحرية للجفاف المدي  البيئية

ء علي هذا "التباطؤ الحرج" المشاهد في حوض آرغين يمكن التنبؤ باحتمال . بنا والظروف الجوية القاسية الناتجة عن التغير المناخي

. حدوث تناقص في الغطاء العشبي مرتبط باالرتفاع وكذلك تناقص في مقدرة المسطحات العلوية في مقاومة االضطرابات  

اون ثالثي مشترك بين طائر النحام فقد برهنا تجريبيا علي أن األنظمة المزركشة لحوض آرغين ناتجة عن تعالفصل الخامس أما في 

الموئل، هذا التفاعل الدوري بين  لتضاريس التربة في هذالوردي و السلطعون البحري وطحالب الدياتومز وذلك من خالل هندستها 

جهة و  حيث يعمل طائر النحام والسلطعون من علي نظام بيئي ذاتي التحفيزيمكن اعتباره كأول مثال بحري هذه المكونات الثالثة 

، لقد سلطنا الضوء في هذا الفصل على  طحالب الدياتومز من جهة أخري علي تعزيز متبادل للموارد وإعادة تدويرها وتحفيز إنتاجها

أن العديد من التفاعالت البيئية يمكن دراستها و إظهارها فقط في الموائل البكر الخاضعة لحماية جيدة والتي مازالت الحيوانات تعيش 

.   ام تام كما هو الحال في محمية حوض آرغينفيها بوئ  

مع نتائج  1980واألخير قمنا بجمع نتائج سبع عمليات جرد كاملة للطيور المائية في حوض آرغين منذ يناير الفصل السادس  في

تغير في التركيبة وبعد تحليلهما إحصائيا تبين لنا حصول  2003عمليات جرد سنوية إضافية تم إجراؤها في منطقة "إويك" منذ عام 

، النتائج التي توصلنا إليها تشير إلى حدوث انخفاض عام في األنواع التي تعتمد  الهيكلية لهذه الطيور خالل العقود األربعة الماضية

على المسطحات الطينية المدية للتغذي وزيادة في األنواع التي تتغذي على األسماك الصغيرة والجمبري في القنوات و المياه 

. كثرعمقااأل   

؟ : ما هي الحلقات المفقودة إتجاهات للبحث في المستقبل  

أجابت هذه األطروحة على بعض األسئلة الهامة والملحة في النظم البيئية المدية الضحلة ومألت بعض الفراغ الموجود في معرفتنا عن 

ا على التعاطي مع االضطرابات وتأثير ديناميكيتها علي بيئات األعشاب البحرية في المنطقة شبه االستوائية وخاصة فيما يتعلق بقدرته

لة أخري ال تقل ، و كما هي العادة في العلوم التجريبية فغالبا ما ينتج عن محاولة اإلجابة عن بعض األسئلة المهمة أسئ السلسلة الغذائية

، و في ما يلي سوف أقترح اتجاهات مستقبلية  أهمية بعضها قد يصبح من األسئلة المفاتيح التي يحتاج اليها في صيانة و إدارة البيئة

. للبحث العلمي وبرامج للمتابعة طويلة األمد في حوض آرغين حتي يتسنى لنا حماية المنطقة بشكل فعال و مستديم   

كل جلي أن مسطحات األعشاب البحرية تطبعها الديناميكية مع ما يترتب على ذلك من تأثير في وظائف النظام البيئي لقد أتضح لنا بش

، لقد أصبحت العوامل المسببة لتغير غطاء األعشاب البحرية معروفة  كتركيبة و هيكلة حيوانات القاع وكذاك اإلنتاجية )الفصل الثاني(

، فردة فعل حيوانات القاع علي التغير في الغطاء العشبي للمسطحات  آلليات ليست مفهومة بشكل كاملعندنا و موثقة لحد كبير ولكن ا

مبني علي دراستين استقصائيتين فقط عوضا عن تسلسل زمني الشيء الذي ترك فجوة مهمة في فهمنا للديناميكية الموسمية لهذه 

لي ذلك فتحاليلنا لهيكلة حيوانات القاع لم تأخذ بعين االعتبار المحار اإلفريقي ، عالوة ع الحيوانات وكذلك التباين الطبيعي بين السنوات

، و في الواقع و  )سنليا سينليس( الكبير الحجم و الذي الشك حد من فهمنا لهذه الديناميكية المشاهدة لألعشاب البحرية و حيوانات القاع

النوع المنتشر في حوض آرغين علي ديناميكية هذه النظم البيئية ، فعلى لحد الساعة فليست هناك أي دراسة تقييمية عن مدي تأثير هذ   
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 خالصة األطروحة

 الدوافع و األهداف

يلعب حوض آرغين دورا بيئيا عالميا و محوريا علي مسارات هجرات الطيور و األسماك حيث أن المنطقة تحتضن أكبر تجمعات 

تمركز للطيور البحرية المعششة في إفريقيا، كما أنها أهم حضانة لألسماك في للطيور الشاطئية المهاجرة في العالم وكذلك أكبر 

المنطقة بما فيها أنواع ذات أهمية اقتصادية كبيرة للوطن، باإلضافة إلي ذلك يحتضن حوض آرغين أكبر كم من مسطحات األعشاب 

ور شرق األطلسي، عالوة علي ذلك و بالرغم من أن البحرية في أفريقيا وتعد من المناطق االكثر صيانة على طول مسار هجرات الطي

المنطقة لم تعد متأثرة بأي مجري نهري دائم فإنها الزالت تلعب و تؤدي نفس الدور ألذي تلعبه بقية مصبات األنهار العالمية مما يجعل 

  حوض آرغين إذن المصب النهري األحفوري الوحيد في العالم.

لعبه مسطحات األعشاب البحرية في حوض آرغين إال أنها لم تحظ باهتمام كبير مقارنة على الرغم من الدور الحيوي الذي ت

بالمسطحات التي تقع شمالها على طول مسار هجرات الطيور شرق األطلسي وأبسط مثال علي ذلك عدم وجود أي دراسة عن مدي 

. الهدف الرئيسي من  ي حالة حدوث انهيار لغطائهامرونة هذه المروج في التعاطي مع الضغوط البيئية ومدي قدرتها علي التعافي ف

هذه األطروحة هو اكتساب فهم أعمق لطبيعة المسطحات البحرية في حوض آرغين خاصة ما يتعلق بديناميكيتها وقدرتها علي التحمل 

ام أرشيف صور القمر الصناعي إلي تقييم التاريخ الديناميكي لهذه المسطحات عن طريق استخد أوال، وللقيام بذلك فقد هدفت  و التعافي

، التنوع( و اإلنتاج الحيوي الثانوي لتجمعات حيوانات القاع ألتي تعيش في  ، الكتلة الحيوية الندسات وكذلك مقارنة هيكلة )الحجم

دراسة يا ثان(. 2014( و اآلخر حديث )1986الترسبات الطينية لهذه المسطحات بين مسحين استقصائيين واسعي النطاق أحدهما قديم )

تأثير الحركة الهيد وديناميكية )قوة دفع وطبيعة حركية المياه البحرية( على استقرار األعشاب البحرية و طبيعة تشكلها المورفولوجي 

دراسة احتماالت تعافي األعشاب  ثالثا.  ومحتواها من المغذيات المعدنية وكذلك ردة فعلها اتجاه جرعات زائدة من المغذيات المعدنية

بحرية بعد تعرضها لالنهيار علي امتداد االنحدار المدي الجزري وكذلك تحديد العوامل البيئية الرئيسية التي تؤثر على معدل ال

دراسة اآلليات الكامنة وراء تشكل وأداء النظام البيئي "الزركشي" الموجود في بعض المسطحات المرتفعة  رابعا.  احتماالت التعافي

خيرا دراسة ديناميكية تجمعات الطيور المائية في حوض آرغين بشقيها الشاطئية والبحرية على مدى العقود وأ . خامسا بحوض آرغين

 األربعة المنصرمة وكذلك مناقشة اآلليات التي من المحتمل ان تكون قد ساهمت في تغير أعدادها و مكوناتها. 

 النتائج الرئيسية

ل تغيير جذري على نطاق واسع في هيكلة حيوانات القاع من مسطحات تسودها أدلة قوية علي حصوالفصل الثاني لقد وجدنا في 

، هذا التغير تزامن مع تضاعف في غطاء األعشاب البحرية و إلى انخفاض  الديدان الحلقية إلي أخري تهيمن فيها األصداف البحرية

. هذه النتائج أضافت المزيد من  ذية الطيور الشاطئيةكبير في اإلنتاج الحيوي الثانوي بصفة عامة وكذلك في أعداد أنواع مهمة في تغ

، فإضافة إلي فقدان موائل ومستقرات  المخاوف علي مستقبل هذه الطيور التي تعاني أصال على طول مسار الهجرة شرق األطلسي

في جهود المحافظة وإدارة المنطقة مهمة علي امتداد هذا المسار يبدو أن فقدان فرائس رئيسية يمثل جانباً مهماً ينبغي أخذه في الحسبان 

 مستقبال. 

فقد أثبتنا أن طبيعة القوي الحركية للمياه كان له تأثير مكاني وزماني كبير على محتوي األعشاب  الثالث الفصلأما في  

وجدنا أيضا أن  ، كما البحرية من المغذيات المعدنية حيث أن مستوي المغذيات ينخفض طرديا مع زيادة طاقة وقوة األمواج البحرية

حجم تأثير الزيادة المفرطة من المغذيات اختلف بشكل كبير بحسب القوي الدافعة البحرية حيث أن تسميد األعشاب البحرية في مناطق 

ن ، كما ثبت لدينا من خالل هذه الدراسة أ التيارات القوية أدي إلي موتها في حين لم تتأثر كثيرا في المناطق الخاضعة لتيارات ضعيفة

.  األعشاب البحرية في حوض آرغين تعاني من نقص كبير في عنصر النيتروجين المهم لنموها  
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شكر وتقديركلمة   

د وعلى آله وصحبه ومن الحمد هلل رب العالمين الذي بنعمه تتم الصالحات  والصالة والسالم على أشرف األ نبياء والمرسلين سيدنا محمد

تبعهم بإحسان إلى يوم الدين، وبعد فإني أشكر هللا تعالى على فضله حيث أتاح لي إنجاز هذا العمل بفضله فله الحمد أوالً وآخرا ثم 

الحظيرة الوطنية لحوض آرغين علي الثقة  . إني ممتن للسادة مدراء أشكر أولئك األخيار الذين مدوا لي يَد المساعدة خالل هذه الفترة

,  والدعم المادي والمعنوي المتواصل الذي ما فتؤو يقدمون لي من اجل اكمال هذه الدراسة واخص بالذكر د. سيدي محمد ولد أمين

. محمد يوسف دياݣانا واالستاذ عالي ولد محمد سالم  

ل هذا البحث مندو البداية واذكر هنا ال علي سبيل الحصر السادة الشكر موصول للذين واكبوني ودعموني من اجل مواصلة واكما 

, منه ولد محمد صالح و احمدو ولد  , آمادو كيدي , الشيباني ولد السنهوري , عبد هللا ولد معلوم , لمهابة ولد يرب أباية ولد سيدينا

, سدوم  دانية المعتبرة من طرف آمادو عبد الرحمن صال. هذه الدراسة لم تكن لتري النور لوال الدعم اللوجستي والمساعدة المي حمادي

, الحسن ولد محمد  يݣ, آبو  , محمد احمد سيدي الشيخ , سيدي يحيي لمرابط , محمد شداد , محمد كمرا , محمد سالم الهادي ولد أباه

. و با آبدول, أحمد شيخاني ولد لمات و ماماد , أحمد سيدي محمد , باباه ولد أمبارك , أمبارك صنݣي العبد  

  إهداء

أهدي هذه المنحة الربانية الي من ربوني وسهروا علي تكويني ورعايتي مندو الصغر والدي العزيزين أطال هللا بقاءهما في صحة 

. من أخوالي وأعمامي حفظهم هللا ورعاهمالكريمتين , والي إخوتي و أخواتي وبقية أفراد العائلتين  وعافية ورضا منه  

بتغمدهم  يرحمهم و أشخاص كثيرا ما قدموا لي النصح والمساعدة راجيا من  هللا العلي القدير أن لخمسةدي هذ العمل وفي األخير أه

, ومحمد ولد  سالماتا صو)ببي(  , )بتي با( , با مامادو أوسمان , سيدي محمد ولد بده : مامادو ݣالو في فسيح جناته إنه القدير علي ذلك

  اللب.

  

https://www.ra2ed.com/رفاهية/65591/عبارات-شكر-وامتنان
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 مسطحات األعشاب البحرية في حوض آرغين, موريتانيا

بالطيور األغنىبنية تحتية للنظام البيئي   

 علي طول مسار الهجرة شرق األطلسي
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