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CHAPTER 1

Introduction

Jimmy de Fouw

CHAPTER 1

SHORT INTRODUCTION
Worldwide there is growing concern that global environmental change (e.g. climate
change, eutrophication, coastal development, overfishing) negatively affects coastal
ecosystems and the rich suite of services they provide to humanity and global biodiversity
(Costanza et al. 1997, Orth et al. 2006, Waycott et al. 2009). The importance of coastal
ecosystems for humankind has traditionally been exceptionally large, and human settlements predominately occurred along the coast. Currently, almost half of the human population lives in coastal areas and both this proportion and their total numbers are still
increasing (http://www.oceansatlas.org/, Halpern et al. 2008). Since 1700 all this human
activity has led to the disappearance of 87% of the wetlands in the world (Davidson
2014). Given the ongoing and planned coastal developments around the world, a deeper
understanding of the mechanisms driving biodiversity and other essential ecosystem functions in coastal systems is therefore urgently required to inform conservation management, should human society decide the remaining wetlands are worth preserving and
managing!?
The main objective of the research in this thesis is to understand the relative importance of bottom up and top-down forces on the ecosystem functioning of tropical intertidal seagrass meadows. Seagrass beds play an important ecosystem-structuring role
through the creation of strong bottom-up effects. At the same time, predators can also
exert crucial community structuring top-down effects through trophic cascades in these
ecosystems (Hairston et al. 1960, Paine 1980, Estes et al. 2011), and suggesting that the
interplay between top-down and bottom-up effects may be essential for the functioning of
these ecosystems (Hughes et al. 2013).
Key questions in this thesis were: How can an intertidal seagrass ecosystem function
under the constant risk of biochemical stress conditions (bottom-up effects, high sulfide
levels) and what is the role of a migrant top-predator (top-down effects)? What is the
function of mutualistic interactions (bottom-up effects)? And finally, do bottom-up and
top-down effects have synergistic impacts on ecosystem functioning and does this give us
better insight into how seagrass ecosystems may respond to possible enhanced environmental stress condition?

STUDY AREA – BANC D’ARGUIN
The research in this thesis was carried out in the intertidal seagrass meadows of the Parc
National du Banc d’Arguin (PNBA) in Mauritania. Here, the mudflats border the Sahara,
with a very dry climate which is characterized with monthly average temperatures
18–23ºC, often strong northerly winds and very low precipitation (Wolff and Smit 1990).
In 1976 the coastal area encompassing almost all Mauritanian’s intertidal flats and extensive areas of shallow seas were designated national park status and in 1989 the PNBA
became a UNESCO Natural World Heritage site. The intertidal mudflats comprise about
8
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500 km2 of mudflat dominated by mixed meadows of Zostera noltii, Halodule wrightii and
Cymodocea nodosa (Figure 1.1A-C) (Wolff et al. 1993, Folmer et al. 2012), that retain consistent aboveground biomass throughout the year (Duarte 1989, Vermaat et al. 1993). In
this ecosystem seagrass meadows accumulate large amounts of silty, organic matter-rich
sediment (up to 1-m thick) and are inhabited by extremely high densities (over 3700 ind.
m-2) of the lucinid bivalve Loripes lucinalis (Honkoop et al. 2008, van der Geest et al.
2011, van Gils et al. 2013, Ahmedou Salem et al. 2014).
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Figure 1.1 (A) False colour image based on Landsat satellite images, red areas depict intertidal seagrass. (B) Arial picture of Baie d’Aouatif area (Photo: © Hellio - Van Ingen). (C) Intertidal seagrass
mudflat during low tide.

BOTTOM-UP EFFECTS – TROPICAL SEAGRASS MEADOWS
Seagrasses are flowering plants which are closer related to terrestrial plants than marine
plants like macroalgae. There are more than 50 different species worldwide which comprise five different families and represent least three lineages which independently
entered the marine environment (Green and Short 2003, Larkum et al. 2006). Seagrasses
evolved under different climate conditions (e.g. temperature, CO2) which may lead to different tolerances to changing environmental conditions (Larkum et al. 2006). They can
9
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live in mixed species or single-species meadows from intertidal to subtidal zone in temperate to tropical coastal areas. The upper limit in the intertidal zone is often determined
by desiccation stress due to wind and solar exposure between tidal inundations and
hydrodynamic conditions (van Lent et al. 1991, Philippart 1995, Leuschner et al. 1998,
van der Heide et al. 2007). The deeper depth limit depends in general on light availability, varying from 1 to 50 meter in turbid- to clear water systems respectively (Duarte
1991).
Worldwide seagrasses form one of the ecological pillars of coastal zones due to the
many habitat niches they offer to support a high biodiversity and their extremely high primary productivity. Seagrass meadows are of great socio-economic importance in these
areas, because they serve as carbon and nutrient sinks, coastline stabilization and protection (e.g. storm buffers) and serve as a keystone habitat for economically valuable species
such as fish (Waycott et al. 2009, van der Heide et al. 2012). However, the rapid worldwide decline of seagrass beds is a major concern, their decline is comparable with threatened ecosystems like coral reefs and tropical forest (Waycott et al. 2009). In the Dutch
Wadden Sea, for example, a dramatic decline of seagrass meadows took place after the
construction of a large dam and the occurrence of the wasting disease (van der Heide et
al. 2009).
Seagrass beds alter the physical conditions of their environment (i.e. ecosystem engineers) (Jones et al. 1994), which is not only beneficial for the species involved but for
many associated species, thereby also called ‘foundation species’ (Bruno and Bertness
2001). In more detail, seagrasses influence their own growing conditions by reducing
hydrodynamics, stabilizing sediments and by accumulating organic matter and nutrients
from the water column (Hansen and Reidenbach 2012). This will also increase water clarity which is beneficial for photosynthesis and growth (Koch 2001, Larkum et al. 2006, de
Boer 2007) Apart from this positive feedback, the decomposition of organic matter in
marine sediments is strongly controlled by sulphate-reducing bacteria that produce sulfide, which is highly toxic to seagrasses and all other aerobic life (Bagarinao 1992,
Lamers et al. 2013). The high sulfide levels should lead to limitations of productivity and
distribution, however, this is not the case and the mechanism how seagrass beds cope
with sulfide stress remained a mystery for a long time. Nevertheless, it has been hypothesised that seagrasses engage in a mutualistic interaction with lucinid bivalves and their
sulfide-oxidizing, gill-inhabiting bacteria to reduce sulfide stress (Larkum et al. 2006,
Stanley 2014).

TOP-DOWN EFFECTS – RED KNOTS
Migratory shorebird species intensively use coastal wetlands to make migratory stopovers
to replenish their exhausting energy reserves and as wintering grounds (van de Kam et al.
2004, Piersma et al. 2005). In the last decade, it has been clear that worldwide shorebirds
are in decline due to habitat loss, climate change and overexploitation (Piersma and Lind10
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Figure 1.2 (A) Migration route of red knots Calidris canutus canutus. The subspecies can be found
on the West-African coast during non-breeding season, with the main numbers in Mauritania, Banc
d’Arguin. During summer they breed in the High Arctic at Taimyr Peninsula and during migration
they can be found in high numbers on their main stop-over site the Dutch Wadden Sea. (B) Population trend of red knots at the Banc d’Arguin (produced from van Roomen et al. (2015)). (C) Red
knot foraging in seagrass beds in Banc d’Arguin (picture: Jan van de Kam).

ström 2004, van Gils et al. 2006, Delany et al. 2009, Boere and Piersma 2012, van
Roomen et al. 2015). These migratory top-predators travel around the planet, in doing so
they connect ecosystems on a global scale, therefore, link biodiversity and ecosystem
functioning on a large scale an play an important role in structuring global biodiversity
(Bauer and Hoye 2014). Being at the top of the food-web their role (top-down effect)
seems to be crucial and losing the highest trophic level may lead to a trophic cascade
accelerating biodiversity loss (Estes et al. 2011).
The red knot, the subspecies Calidris canutus canutus, is a migratory shorebird that
breeds in the high Arctic tundra and has its main wintering site in Banc d’Arguin (Figure
1.2A). Within the East-Atlantic migratory flyway the red knot shows a sharp decline,
including its main wintering site in Mauritania (Figure 1.2B) (van Gils et al. 2013, van
Roomen et al. 2015). These changes may be due to anthropogenic impact (e.g. fisheries,
11
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habitat destruction) on their stop-over sites in the temperate areas in Europe (van Gils et
al. 2006); however, recent research showed that feeding conditions at their wintering
grounds may play an important role (van Gils et al. 2013). Whatever the exact underlying
reason, however, red knot population is declining and being still the most abundant
shorebird cascading top-down ecosystem effects can be expected at the Banc d’Arguin.
Red knots are specialized molluscivorous birds which usually forage on bivalves
buried in the soft sediments of intertidal mudflats (Piersma 2007). Because, Loripes and
Dosnina isocardia are the most abundant prey, one would expect that Loripes is an important prey for red knots (van Gils et al. 2013, Oudman et al. 2014). In addition, red knots
have a unique sensory organ in the tip of the bill to detect hard-shelled prey buried in soft
wet sediments without direct contact (‘remote touch’) (Figure 1.3A-B) (Piersma et al.
1998). So, a priori, one would expect that red knots are capable of depleting Loripes in
the soft sediments of the seagrass beds, potentially creating a strong top-down effect on
the ecosystem (van Gils et al. 2012). In contrast to these expectations, however, a pilot
experiment showed that local depletion (‘giving-up-densities’) was far less than expected
based on earlier experiments on bare mudflats (Box 1.1).
A strong tool to understand the top-down effect of a forager is the functional
response, which describes the relationship between food intake rate and prey density, and

bare sediment

A

B

Figure 1.3 Cross section of a hypothetical mudflat with the pressure patterns produced by the probing knot’s bill, located at the upper surface of the wet sediment. (A) The presence of a shell prevents
the pressure field to move away. (B) The pressure pattern induced by the presence of the shell is
defined by subtracting the response of the initial pulse with the spherical shell in place and without
the shell in place. This difference is sensed and informs the knot about the presence of a prey, in the
form of radial distance and direction (adapted from Piersma et al. 1998).
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mechanistically includes searching, handling and digestion as factors constraining prey
intake (Jeschke et al. 2002). On bare sediment red knots obey the assumptions of
Holling’s disc equation (functional response type II) (Holling 1959, Piersma et al. 1995).
It is usually assumed that foragers will try to maximize their intake rates which should
occur at the highest (harvestable) prey densities (Holling 1959, Stephens and Krebs 1986,
Zwarts and Wanink 1993). However, as in seagrass beds habitat is more complex than in
bare sediment, we asked ourselves the question whether this would influence the intake
rate of red knots? Seagrass has a positive effect on species richness and abundance (Orth
et al. 1984, Honkoop et al. 2008, van Gils et al. 2015). On the other hand, the increased
habitat complexity may negatively affect the prey detectability of the red knots. Therefore, in seagrass habitat the intake rate and habitat choice by foraging red knots may not
be simply a function of prey density but also of habitat complexity created by seagrass.

OUTLINE OF THE THESIS
In this thesis I investigate the relative importance of bottom-up effects created by seagrass
and its benthic invertebrate life, and top-down effects created by the migratory avian
predator, the red knots, on an intertidal tropical ecosystem.
In chapter 2, we investigated the functioning of a three-stage mutualism between seagrass, Lucinid bivalves and their sulfide-oxidizing, gill-inhabiting bacteria. By using a
meta-analysis, a field study, and a laboratory experiment, we investigated the importance
of this three-stage mutualism in seagrass meadows on a global and local scale for our
study area. Next, in chapter 3, we empirically reveal that the breakdown of this threestage mutualism due to climate extremes (heat and drought event) is a key driver of rapid
landscape-scale degradation in intertidal seagrass beds. Furthermore, in chapter 4, in a
combined investigation using a differential equation model, remote sensing analyses combined with potential analyses we showed that the mutualistic interaction stabilizes lethal
feedback in seagrasses ecosystems.
To understand the top-down importance on the ecosystem we first determined the
diet and intake rate of red knots on Loripes. In chapter 5, faeces analysis revealed that on
average only 50% of the red knot diet consisted out of Loripes. In addition, earlier observations showed local intake rates where far less than expected based on earlier experiments in bare sand. In chapter 6, we determined the prey searching efficiency of red
knots and showed that when foraging on bivalves hidden in seagrass beds, red knots ‘lose
their sixth sense’ and can only detect their prey by direct touch rather than remotely. In
chapter 7, we investigated how prey detectability and prey density combined determines
the habitat choice of red knots in seagrass ecosystem. Finally, in chapter 8, I discuss the
synergistic impacts of bottom-up and top-down effects on ecosystem functioning, in addition, I discuss how these insights give us better understanding in how marine ecosystems
response to environmental stress condition.
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BOX 1.1. RED KNOTS IN THE FIELD EXPERIMENTS
The red knots is an ideal model species in foraging experiments, with experiments carried out both under controlled laboratory conditions as well as in the ‘wild’. Since the
1980s, observational and experimental studies have been conducted, resulting in very
important insights published in many peer-reviewed scientific journals and PhD thesis’s
(e.g. Piersma 1994, Zwarts 1997, van Gils 2004, Vahl 2006, Reneerkens 2007, Buehler
2008, Kraan 2010, van den Hout 2010, Leyrer 2011, Folmer 2012, van der Geest 2013,
Bijleveld 2015). This could only be done due to the support and experience of the NIOZ
staff at the laboratory facilities. Inspired by the idea to bring captive knots in the field
(an idea originally posed by the late Rudi Drent and later on followed up in the Dutch
Wadden Sea by van Gils 2004), we copied this approach in Banc d’Arguin in order to
understand top-down effect of red knots on the seagrass dominated ecosystem. Basically,
we aimed to create patches with and without Loripes lucinalis, depleted in a natural way
by our captive red knots. Based on the experience in the Wadden Sea (see chapter 1),
initially we were convinced that red knots should be able to deplete Loripes in the soft
sediments of the seagrass beds. In contrast to these expectations, however, after about
10 minutes of searching for prey our red knots stopped foraging, as they hardly found
any prey and where resting for the next 50 minutes during the pilot experiment! It
became clear that the knots were teaching us a lesson and showed us that we did not
understand their foraging behaviour in seagrass rich environments, therefore, we first
needed to get insight in what was going on here? So, we went step-by-step and adjusted
our way forward dictated by the red knots, eventually resulting in new important
insights of chapter 6.

A

B

Figure B1.1 (A-B) A pilot experiment with red knots in dens seagrass at Banc d’Arguin, Mauritania
(October 2010).
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A three-stage symbiosis forms the foundation
of seagrass ecosystems
Tjisse van der Heide, Laura L. Govers, Jimmy de Fouw, Han Olff,
Matthijs van der Geest, Marieke M. van Katwijk,
Theunis Piersma, Johan van de Koppel, Brian R. Silliman,
Alfons J. P. Smolders & Jan A. van Gils

ABSTRACT
Seagrasses evolved from terrestrial plants into marine foundation species around
100 million years ago. Their ecological success, however, remains a mystery as natural organic matter accumulation within the beds should result in toxic sediment
sulfide levels. Using a meta-analysis, a field study and a laboratory experiment, we
reveal how an ancient three-stage symbiosis between seagrass, lucinid bivalves and
their sulfide-oxidizing gill-bacteria reduces sulfide stress for seagrasses. We found
that the bivalve-sulfide-oxidizer symbiosis reduced sulfide levels and enhanced seagrass production as measured by biomass. In turn, the bivalves and their endosymbionts profit from organic matter accumulation and radial oxygen release from the
seagrass roots. These findings elucidate the long-term success of seagrasses in
warm waters and offer new prospects for seagrass ecosystem conservation.

Published in Science 336: 1432-1434, 2012
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Seagrass meadows are important ecological and thus economic components of coastal
zones worldwide (Larkum et al. 2006, Waycott et al. 2009). In many areas, coral reefs
and seagrass meadows are tightly linked habitats that form the basis for marine biodiversity (Nagelkerken 2009). Seagrasses serve as keystone habitat for migrating coral reef
species, thousands of other animals including waterbirds, fish, dugongs, manatees and
turtles, are important carbon and nutrient sinks, and are important to fisheries and coastline protection (Larkum et al. 2006, Nagelkerken 2009, Waycott et al. 2009). Dense seagrass meadows attenuate currents and waves and trap pelagic and benthic organic matter
in the sediment (Larkum et al. 2006, van der Heide et al. 2007, van der Heide et al.
2011). Owing to a lack of oxygen in many coastal marine sediments, an important fraction of organic matter is decomposed by bacteria that use the abundant sulfate in seawater as an electron acceptor instead of oxygen, and produce toxic sulfide as a metabolic
end product (Jorgensen 1982). Although seagrasses transport oxygen into their roots and
the surrounding rhizosphere (radial oxygen release) (Larkum et al. 2006, Calleja et al.
2007), sulfide production outpaces oxygen release under warmer conditions, resulting in
sulfide accumulation and seagrass mortality (Larkum et al. 2006, Calleja et al. 2007,
Koch et al. 2007). Seagrass beds tend to accumulate organic matter and so it is expected
that seagrass beds would build up toxic sulfides and hence have a limited productivity
and diversity (Larkum et al. 2006). But this is not the observed case and the underlying
reason for the long-term persistence of seagrass ecosystems is an enigma (Appendix Figure
A2.1A).
We tested the hypothesis that a three-stage symbiosis between seagrasses, associated
burrowing lucinid bivalves and their symbiotic gill-bacteria contribute to reducing the
cyclic build-up of sulfide (Appendix Figure A2.1B-D). Paleo-records suggest that the
Lucinidae and their endosymbiotic relation date back to the Silurian (Liljedahl 1991,
Distel 1998, Taylor and Glover 2000), but that they increasingly diversified since the evolutionary emergence of seagrasses in the late Cretaceous (Stanley 1977, Larkum et al.
2006, Taylor et al. 2011). Seagrass communities later became widespread in the Eocene
and lucinid remains frequently occur in association with their deposits since (Taylor et al.
2011, Vermeij 2011). Lucinids and their gill-inhabiting bacteria have a symbiosis in which
the bivalves transport sulfide and oxygen to their gills (Appendix Figure A2.1D) where
the bacteria oxidize sulfide for synthesizing sugars that fuel growth of both organisms
(Cavanaugh 1983, Johnson et al. 1994, Anderson 1995, Reynolds et al. 2007, Childress
and Girguis 2011). We hypothesized that seagrass meadows may provide an optimal
habitat for these bivalves and their symbionts by indirectly stimulating sulfide production
by high organic matter input, and by providing oxygen through radial oxygen release
from the roots. In turn, lucinids remove sulfide, which could relieve any stress caused to
seagrass growth by sulfide accumulation as organic matter is degraded (Appendix Figure
A2.1A & B).
Indirect support for our hypothesis was provided by a worldwide meta-analysis of 84
studies describing the fauna of seagrass beds in 83 sites covering the entire climatic distribution of seagrasses, combined with a 110-point field survey that we conducted at Banc
18

Figure 2.1 Presence (green; dark points are quantitative, light points are qualitative) and absence (red) of lucinids in seagrass ecosystems based on
our meta-analysis. The bivalves were present in 97% (93% of the quantitative sites) of all tropical seagrass beds, 90% (83% of the quantitative sites)
of the subtropical beds and 56% (50% of the quantitative sites) of the temperate seagrass meadows. The seagrass-lucinid association spans six out of
seven continents, at least 18 genera of lucinids and 11 out of 12 seagrass genera (and Ruppia spp.). Only meadows of Phyllospadix spp., a seagrass
genus that grows on bare rock, did not contain Lucinidae. The analyzed ecosystems generally contained high (~100 ind. m-2) to extremely high densities (>1000 ind. m-2) of lucinids (Table A2.1).

THREE STAGE SYMBIOSIS IN SEAGRASS MEADOWS

19

CHAPTER 2

d’Arguin, Mauritania (see Appendix A2, Materials and methods). The meta-analysis
reveals a relationship that covers 11 out of 12 seagrass genera (and Ruppia spp.) and at
least 18 genera of Lucinidae (Figure 2.1 & Appendix Table A2.1). Only meadows of
Phyllospadix spp., a seagrass genus that grows on bare rock, do not associate with
Lucinidae. The association spans six out of seven continents, with bivalve densities ranging from 10 to over 1000 individuals per m2. The bivalves were present in 97% of the
tropical seagrass sites, 90% of the subtropical meadows and 56% of the temperate seagrass beds surveyed, indicating that the association may be dependent on temperaturerelated sulfide production (Koch et al. 2007). Furthermore, results from our field study
showed a positive correlation between seagrasses and lucinids that explained 42% of
their respective variation (Pearson’s r = 0.65; Appendix Figure A2.2).
To experimentally test our hypothesis (Appendix Figure A2.1B), we investigated the
effects of sulfide oxidation by the lucinid bivalve Loripes lacteus on the production of the
seagrass species Zostera noltii and the potential reciprocal benefits for Loripes in a full
factorial experiment under controlled conditions (see Appendix A2, Materials and methods). We set up Zostera, Loripes, Zostera-Loripes and bare sediment treatments in the top
sections of 40 two-compartment columns (Appendix Figure A2.3), which were placed in a
large seawater basin. The lower compartment of each column contained anaerobic seawater and an injection tube through which sulfide was added twice a week in half of the
columns. The injected sulfide was allowed to diffuse into the top section through a
porous membrane.
The presence of Loripes, and to a lesser extent of Zostera decreased sediment sulfide
levels. After five weeks, pore water sulfide concentrations in the top sections of the sediment controls reached about 400 µM, while the semi-weekly addition of sulfide caused
levels to increase to nearly 2700 µM (Figure 2.2A). The presence of Zostera decreased sulfide levels to around 200 µM in the controls and 2200 µM in the sulfide addition treatments. In contrast, sulfide levels remained low when Loripes was present (~15 µM), even
in the sulfide addition treatments. As expected, the oxygen detection depth was reduced
when sulfide was added, but increased when only Loripes, but not Zostera was present,
due to sulfide-oxidation and intake of surface water (Figure 2.2B). Zostera alone did not
significantly affect sediment oxygen conditions. Strikingly, the joint presence of Zostera
and Loripes enhanced oxygen detection depth beyond that of their separate effects.
Our experiment showed that Zostera production is facilitated by Loripes; both in the
control and in the sulfide addition treatments. In the treatments without Loripes, sulfide
addition reduced Zostera shoot biomass to 50% of the controls (Figure 2.3A). Reduced
shoot biomass was accompanied by decreased root biomass (Figure 2.3B) and impaired
phosphate uptake (see Appendix A2, Materials and methods). In contrast, the addition of
Loripes increased Zostera shoot biomass 1.9-fold and root weight 1.5-fold seen in the sulfide addition treatments. In the treatments without additional sulfide, the presence of
Loripes increased both shoot and root weight by 1.4-fold and 1.3-fold respectively.
Loripes condition, expressed as the flesh/shell dry weight ratio, was positively affected
by sulfide addition (Figure 2.3C). Furthermore, the addition of Zostera did not affect
20
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Figure 2.2 (A) Pore water sulfide concentrations and (B) oxygen detection depth after five weeks;
error bars represent SEM (n = 5). Oxygen detection depth decreased as sulfide was added (ANOVA:
v8.9, P < 0.006). The presence of Loripes reduced sulfide levels (RM-ANOVA: F1,32 = 268.8,
P < 0.001) and increased oxygen detection depth (F1,32 = 125.0, P < 0.001). Reduction of the sulfide
concentration by Zostera alone was less, but still significant (F1,32 = 6.8, P = 0.014). That interactions occured between Zostera and Loripes was apparent in the oxygen measurements (F1,32 = 48.3,
P < 0.001), but was also significant in the sulfide data (F1,32 = 7.8, P = 0.009). The interaction
between Loripes and sulfide was significant for the sulfide measurements (F1,32 = 102.7, P < 0.001),
but not for the oxygen data (F1,32 = 0.3, P = 0.578).

Loripes in the units where no sulfide was added, but improved the bivalve’s condition in
the sulfide treatments. As hypothesized, the positive effect of Zostera on Loripes seems to
result from radial oxygen release from the seagrass roots (Appendix Figure A2.1B).
Although sulfide was almost completely removed in all Loripes treatments (Figure 2.2A),
the bivalve was less able to profit from the addition of sulfide in the absence of Zostera
(Figure 2.3C). This indicates that at least in the Loripes units without seagrass, sulfide
was not completely oxidized by the symbiotic bacteria because of oxygen limitation.
Overall, our results confirm our hypothesis that a three-stage symbiosis between seagrass, lucinids and sulfide-oxidziing bacteria reduces sulfide stress in seagrass meadows.
Even though radial oxygen release by Zostera noltii and of seagrasses in general is limited
(Caffrey and Kemp 1991, Sand-Jensen et al. 2005), Loripes in our experiment clearly
benefitted from the increased oxygen input in the sediment. In the field, the positive
21
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Figure 2.3 (A) Zostera shoot and (B) root dry weight biomass per column and (C) Loripes condition
expressed as the dry weight flesh/shell ratio after five weeks; error bars represent SEM (n = 5).
Zostera biomass was reduced by sulfide addition (ANOVA: shoots F1,16 = 72.6, P < 0.001; roots
F1,16 = 12.0, P = 0.003), whereas the presence of Loripes had a positive effect on both shoot (F1,16 =
61.3, P < 0.001) and root biomass (F1,16 = 50.2, P < 0.001). We found no significant effects on rhizome biomass. Loripes condition was positively affected by both sulfide addition (ANOVA: F1,16 =
37.3, P < 0.001) and Zostera presence (F1,16 = 9.0, P = 0.008). We also found a significant positive
combined effect of the presence of Zostera and sulfide on Loripes condition (F1,16 = 5.4, P = 0.034).

effects of seagrasses on lucinids are not confined to sediment oxygenation alone, but also
by indirectly stimulating sulfide production and releasing dissolved organic molecules
(Larkum et al. 2006, Reynolds et al. 2007). The positive effects of Loripes on Zostera in
our experiment could not be explained by differences in nutrient availability (see Appendix A2, Materials and methods) Plants were not nutrient limited, but both Zostera and
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Loripes significantly lowered dissolved ammonium and phosphorus in the sediment pore
water, whereas sulfide addition increased nutrient availability (Appendix Figure A2.4).
We found that in our experiment, the negative effects of sulfide addition on Zostera biomass could not fully be prevented by Loripes addition (Figure 2.3A), despite the removal
of almost all sulfide by Loripes after three days. As the observed experimental effects
could not be attributed to differences in nutrient availability, this is most likely caused by
the pulsed nature of our sulfide supply. This may have led to short periods of exposure of
Zostera to toxic sulfide levels.
Coastal ecosystems, and seagrass meadows in particular, are currently declining at an
alarming and increasing rate worldwide, leading to loss of biodiversity (Waycott et al.
2009). Extensive restoration efforts have had little success so far (< 30%), despite their
extremely high costs (± $ 100,000 per ha) (Fonseca et al. 2001). Similar to the function
of mycorrhizae, pollinators or seed dispersers in terrestrial systems (van der Heijden et al.
1998, Bascompte and Jordano 2007, Bastolla et al. 2009), our findings indicate that
restoration efforts should not only focus on environmental stressors like eutrophication,
sediment run-off or high salinity as a cause of decline, but should also consider internal
ecological interactions such as the presence and vigor of symbiotic or mutualistic relations. Breakdown of symbiotic interactions can affect ecosystem functioning, with bleaching events in coral reefs as a clear example (Carpenter et al. 2008). Similar to the wellknown symbiosis between corals and their unicellular algal endosymbionts (Baker 2003),
we conclude that symbioses, rather than one defining species forms the foundation of
seagrass ecosystems.
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Appendix A2
MATERIALS & METHODS
Meta-analysis
To test the seagrass-lucinid association, we performed an extensive, worldwide metaanalysis that covered the entire climatic distribution of seagrasses. Criteria for including a
study were: (1) seagrasses were present at the site, and (2) when Lucinidae were present,
they were found inside the seagrass bed. In total, we analyzed 84 studies that sampled
the fauna of seagrass beds in a total of 83 areas (temperature range = 1 to 33ºC, mean =
22ºC). Overall, 36 sites were from tropical areas, 31 from subtropical and 16 from temperate areas; quantitative data were available for 46 out of 83 sites. Apart from the geographical location of each site, and the seagrass and lucinid families found, we also report
the annual seawater temperature range. These were obtained from freely available satellite imagery of the long-term monthly means (1971 – 2000) of the sea surface temperature (NOAA/OAR/ESRL/PSD 2011).
Field study
We conducted a field survey at Banc d’Arguin (Mauritania) to test the strength of the relation between seagrass biomass and lucinid density. Banc d’Arguin consists of about 500
km2 of intertidal flat dominated by mixed meadows of Zostera noltii, Halodule wrightii
and Cymodocea nodosa that are inhabited by the lucinid bivalve Loripes lacteus (Wolff et
al. 1993). In total, we sampled 110 stations across seven intertidal flats. Loripes was sampled up to a depth of 20 cm using a cylindrical 15-cm diameter PVC core sampler and
seagrass was sampled with a 7-cm diameter corer. Each sample was sieved over a 1-mm
mesh sieve. Next, Loripes was counted and seagrass biomass was determined after drying
for 24-h at 70ºC. Prior to linear regression analysis, Loripes counts and seagrass dry
weight from the cores were transformed with the Box-Cox procedure to achieve normality
and homoscedasticity (Box and Cox 1964).
Laboratory experiment
Organisms and sediment for the experiment were collected in Arcachon Bay (southwest
France) and transported at 15ºC to the laboratory, where both species were separately
acclimatized for three weeks in 100-L polyethylene tanks. Zostera units contained 15 cm
of sediment and 20 cm of surface water; Loripes tanks contained 30 cm of sediment and
5 cm of surface water. We used artificial seawater (33-35 PSU Tropic Marin at 20ºC)
throughout the acclimatization period and during the experiment; pH was kept at 8.1 to
8.3 by CO2 aeration. Light period was 16 h day-1; intensity at the leaf surface was 300
µmol m-2 s-1, similar to growing season conditions in the field (Isaksen and Finster 1996).
During this three-week period, we did not observe any bivalve mortality, and seagrasses
exhibited healthy vegetative growth.
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Experimental setup
The lower 6-cm tall sections of 40 two-compartment PVC columns (diameter 8.4 cm)
were filled with anaerobic seawater (Figure A2.3). These 330-ml sections contained an
injection tube and were separated from their upper compartments through a porous 0.1mm membrane. Sediment was passed through a 1-mm sieve and transferred to the upper
12-cm tall sections (surface area: 0.0055 m2). Depending on the treatment, each unit
then received either 1) Loripes, 2) Zostera, 3) both Zostera and Loripes, or 4) no further
treatment. Nine Loripes specimens were added to each Loripes treatment (~1600 ind. m-2;
mean shell length ~9 mm) and 5 seagrass ramets with 2 or 3 shoots (12 shoots in total)
were planted in each unit containing Zostera (~2200 sh. m-2; ~0.12 g shoot, ~0.06 g rhizome and ~0.03 g DW root biomass per column). Each ramet contained one apical shoot
to allow vegetative growth. Pilot experiments showed that this approach ensured consistent colonization of the units within the two-week adjustment period, with no detectable
mortality of the plants. Densities of both species were well within reported ranges of densities in the field (up to 23000 sh. m-2 for Zostera and 3700 ind. m-2 for Loripes) (Vermaat
and Verhagen 1996, Johnson et al. 2002, van der Geest et al. 2011).
A full factorial experiment was designed with eight treatments and five replicates per
treatment. The columns were randomly placed in a 40-cm high 250-L polyethylene basin
where water flow and oxygen saturation (measured with a 556 Multi Parameter Sampler,
Yellow Springs Instruments) were maintained by two aquarium water pumps, and pH
was kept constant (8.1-8.3) by CO2 aeration. After setup, the units were allowed to adjust
for two weeks. During this period, sulfide levels in the treatments containing Loripes
stabilized at ~7 μM, while sulfide in treatments without Loripes increased to ~233 μM.
Following the adjustment period, the experiment was performed for five weeks. Sulfide
levels in the lower compartments of the sulfide addition treatments were increased twice
a week by 3.3-ml injections of 100 mM Na2S solution with pH adjusted to sediment conditions (pH 7.5) with HCl, while control treatments were injected with anaerobic water.
Before each injection, we used 5 cm Rhizon samplers to extract 3 ml of pore water from
the main root zone (top 6 cm) of each upper compartment into vacuumized 30 ml flasks
containing 3 ml Sulfide Anti-Oxidation Buffer (SAOB). After each sampling, columns
were re-randomized in the basin to minimize possible differences in light levels and water
flow velocities between units. Sulfide concentrations were determined immediately with
an ion selective silver/sulfide electrode (Thermo Scientific (USA), Orion 9416 BN; reference electrode: Orion 900200). Oxygen detection depth was measured after five weeks
with an oxygen-sensitive microelectrode (Microscale Measurements, 1-mm tip). Ammonium, nitrate and total dissolved phosphorus in the sediment pore water were also measured after five weeks. We used 5 cm Rhizon samplers to extract 10 ml of pore water from
the main root zone (top 6 cm) of each upper compartment into vacuumized 30 ml flasks.
Ammonium and nitrate concentrations were determined colorimetrically. Ammonium was
measured with salicylate (Lamers et al. 1998) and nitrate was determined by sulfanilamide after reduction of nitrate to nitrite in a cadmium column (Wood et al. 1967).
Dissolved phosphorus was measured on an Inductively Coupled Plasma emission spec25
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trophotometer (ICP; Spectroflame, Spectro). Total nitrogen concentration in Zostera
leaves was measured in freeze-dried tissues by a CNS analyzer (type NA1500; Carlo Erba
Instruments, Milan, Italy) (Lamers et al. 1998). Total phosphorus was measured by ICP
after digestion with nitric acid (Lamers et al. 1998). Zostera shoot, root and rhizome biomass and Loripes flesh were measured as dry weight after 24 h of freeze-drying. Loripes
shell weight was measured after drying for 24 h at 70ºC. Loripes condition was expressed
as flesh/shell dry weight ratio, which is a commonly used size-and-age independent
measure of fitness in bivalves (Lucas and Beninger 1985). Sulfur contents in the Loripes
tissues were measured on ICP, following nitric acid digestion.
Statistical analyses
Data were tested for normality prior to analysis. Sulfide data were analyzed with
Repeated-Measures three-factor ANOVA. All other variables were analyzed by two- or
three-factor ANOVA. All relevant and/or significant effects and interactions are mentioned in the figure legends or supporting text. A complete overview of the statistical output for Figures 2, 3 and A2.4 is provided in Table A2.2.

SUPPORTING TEXT
Both Zostera and Loripes significantly lowered dissolved ammonium and phosphorus in
the sediment pore water, while sulfide addition increased their availability (Figure A2.4).
Nitrate concentrations were 0.8 ±0.9 μM (mean ±SD) on average with no significant differences between treatments. Mean leaf nitrogen and phosphorus content were 1.78
±0.26 and 0.15 ±0.02 % dry weight respectively, which is around reported median values from the field for both (1.8 and 0.2 % DW respectively) (Duarte 1990). None of the
treatments had any significant effect on leaf nitrogen. Leaf phosphorus content was unaffected by Loripes, but decreased significantly in the sulfide addition and sulfide addition
with Loripes treatments (from 0.17 ±0.01 to 0.13 ±0.01 % DW; ANOVA: F1,16 = 29.0,
P < 0.001). Apparently, high sulfide levels impaired phosphorus uptake by Zostera in the
sulfide addition treatment, leading to decreased leaf phosphorus content, despite high
dissolved phosphorus availability in the pore water (Figure A2.4). Our pulsed sulfide
addition also seemed to impair phosphorus uptake in the sulfide addition with Loripes
treatment, which, by interacting with the reduced dissolved phosphorus pool may have
limited growth of Zostera under our conditions (Figure 2.3).
Sulfide addition resulted in a significant increase in the relative (ANOVA: F1,16 = 13.8,
P = 0.002) and absolute sulfur content (ANOVA: F1,16 = 24.1, P < 0.001) in the flesh of
the bivalves. Relative sulfur content was 2.0 ±0.2 % (g:g) in the control treatments and
3.0 ±0.9 % in the sulfide addition treatments. The total amount of sulfur stored in Loripes
tissues per unit was 1.3 ±0.2 mg in the control treatments and 3.0 ±1.1 mg in the sulfide
addition treatments. These results suggest that the increased sulfide availability led to increased storage of sulfur in the tissues of the bivalves, for instance as sulfur granules in the
gills (Anderson 1995). We found no significant effects of Zostera on Loripes sulfur content.
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A

B

C

D

Figure A2.1 (A) Seagrasses generally create a negative feedback on their own growth through
organic matter accumulation, which stimulates production of toxic sulfide by heterotrophic sulfatereducing bacteria. (B) We propose in this study that the presence of lucinid bivalves and their sulfide-oxidizing gill-symbionts breaks the negative feedback, resulting in a network of positive interactions. (C) The bivalves are found in high abundances in the root zones of seagrass meadows in
warmer, mild temperate to tropical regions where sulfide production rates are high. (D) They occur
in the anoxic zone of the sediment and use their highly extensile foot to create tubes for sulfide mining, export of waste products and import of oxygen and CO2 from the sediment pore water and surface water (Anderson 1995, Reynolds et al. 2007). Both sulfide and oxygen are transported to the
gills where chemoautotrophic bacteria oxidize sulfide for synthesizing sugars that fuel growth of
both the bacteria and the bivalve (Johnson et al. 1994, Anderson 1995, Reynolds et al. 2007, Childress and Girguis 2011).
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Figure A2.2 Positive correlation (Pearson’s r = 0.65) between seagrass biomass and Loripes density
on Banc d’Arguin. Loripes counts and seagrass dry weight from the cores were transformed using the
Box-Cox procedure prior to plotting and the regression analysis (see Materials & Methods).

Figure A2.3 Schematic drawing of the setup of an experimental unit. The dimensions of the top
section were chosen to fit the organisms and to resemble field conditions. The lower section was
kept large enough to allow rapid mixing and upward diffusion. Sulfide was injected twice a week in
the sulfide addition treatments and allowed to diffuse from the lower compartment into the upper
section through a 0.1-mm porous membrane.
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Figure A2.4 Pore water ammonium and dissolved phosphorus contents after five weeks; error bars
represent SEM (n = 5). Ammonium (A) was lowered significantly by Zostera (ANOVA: F1,32 = 59.7,
P < 0.001) and Loripes (F1,32 = 505.9, P < 0.001), while sulfide addition caused an increase (F1,32 =
35.2, P < 0.001). We found significant interactions between all treatments (Z*L: F1,32 = 57.1,
P < 0.001; Z*S: F1,32 = 73.3, P < 0.001; L*S: F1,32 = 39.3, P < 0.001; Z*L*S: F1,32 = 68.5,
P < 0.001). The treatment effects on dissolved phosphorus (B) were similar to ammonium, with
significant effects of Zostera (F1,32 = 58.2, P < 0.001), Loripes (F1,32 = 562.1, P < 0.001) and sulfide
addition (F1,32 = 19.6, P < 0.001). We found significant interactions of Zostera and Loripes (F1,32 =
55.1, P < 0.001), and Loripes and sulfide addition (F1,32 = 28.2, P < 0.001).
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Table A2.1 Lucinid bivalve densities found in seagrass beds. These data provide a basic indication
of the association between seagrasses and lucinids worldwide.
Area (source)

Temp.

Clim.

Seagrass genus

Lucinid genus

Density

Alaska (Jewett et al. 1999,
Dean and Jewett 2001)

5 – 13

Temp.

Zostera

Lucinidae

Boston Harbor

3 – 18

Temp.

Zostera

0

1 – 23

Temp.

Zostera

0

18 – 29

Subtr.

Syringodium, Thalassia

Codakia

24 – 30

Subtr.

24 – 30

Subtr.
Subtr.

Anodontia, Codakia,
Lucina
Anodontia, Codakia,
Lucinesca
Lucina

++/+++

23 – 29

Halodule, Syringodium,
Thalassia
Halodule, Syringodium,
Thalassia
Thalassia

18 – 29

Subtr.

Thalassia

Lucina

++/+++

18 – 29

Subtr.

Halodule

19 – 29

Subtr.

Halodule, Thalassia

Anodontia, Lucina,
Phacoides

p

19 – 30

Subtr.

Zostera, Halodule,
Ruppia

Codakia, Divalinga

p

27 – 29

Trop.

Syringodium, Thalassia

Codakia, Lucina

p

27 – 29

Trop.

Thalassia

Codakia, Parvilucina

p

27 – 29

Trop.

Halodule, Syringodium,
Thalassia

Codakia, Diplodonta
Lucina, Phacoides

p

24 – 29
27 – 29

Trop.
Trop.

Thalassia
Thalassia

p
+++/++++

26 – 29

Trop.

26 – 29

Trop.

Halodule, Syringodium,
Thalassia
Thalassia

Codakia
Anodontia, Codakia,
Ctena, Divaricella,
Lucina, Parvilucina
Codakia, Divalinga,
Lucina, Parvilucina
Anodontia, Codakia

26 – 29
19 – 28

Trop.
Subtr.

Thalassia
Thalassia

Lucina
Codakia, Ctena

North America
p

(Leschen et al. 2009)

Chesapeake Bay
(Orth 1973)

Apalachee Bay, Florida

+

(Lewis and Stoner 1981)

Biscayne Bay, Florida
(Moore et al. 1968)

Florida Bay, Florida
(Reynolds et al. 2007)

Indian River lag., Florida

++/+++

p

(Mikkelsen et al. 1995)

St. Joseph’s Bay, Florida
(Fisher and Hand 1984)

Pensacola Bay, Florida

0

(Stoner et al. 1983)

Redfish Bay, Texas
(Center for Coastal
Studies 1996)

Gulf of California,
Mexico (Torra Cosio
and Bourillón 2000)

Bahia de Chetumal,
Mexico
(Quesada et al. 2004)

Turneffe Islands, Belize,
Mexico (Hauser et al. 2007)
Bocas del Toro, Panama
(Continental Shelf
Associates 1995)

Bahama’s (Brissac 2009)
Jamaica (Jackson 1972,
Greenway 1995)

St Croix, Virgin Islands
(Ferguson and Miller 2007)

Guadeloupe

p
p

(Gros et al. 2003)

Martinique (Brissac 2009)
Bermuda (Aurelia 1969,
Schweimanns and
Felbeck 1985)
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p
++/+++
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Table A2.1 Continued.

Area (source)

Temp.

Clim.

Seagrass genus

Lucinid genus

Density

26 – 29

Trop.

Thalassia, Syringodium

p

27 – 29

Trop.

Thalassia

Codakia, Lucina,
Anodontia
Lucina

p

26 – 28

Trop.

Thalassia

Codakia

+

25 – 28

Trop.

Thalassia

Codakia

+++

26 – 28

Trop.

Halophila, Halodule

Codakia, Divaricella

p

25 – 28

Trop.

Halodule, Halophila

p

23 – 27

Trop.

Halodule

Codakia, Ctena,
Parvilucina
Codakia, Divaricella

18 – 26

Trop.

Halodule

Lucina

6 – 13

Temp.

Zostera

0

4 – 17

Temp.

Zostera

0

1 – 16

Temp.

Zostera

0

4 – 18

Temp.

Zostera

0

8 – 17

Temp.

Zostera

Lucinoma

+

9 – 17

Temp.

Zostera

Lucinoma

+++

10 – 17

Temp.

Zostera

Loripes, Lucinoma,
Lucinella

12 – 21

Temp.

Zostera

Loripes

++

13 – 19

Temp.

Zostera

Loripes

++/+++

15 – 23

Subtr.

Zostera

Lucinella

14 – 25

Subtr.

Posidonia

Ctena, Loripes,
Lucinella

South America
Bahia de Neguange,
Columbia (Diaz 2003)
Santiago de Tolú,
Columbia (Otero Otero
and Romani Lobo 2009)

Morrocoy, Venezuela
(Bitter-Soto 1999)

Mochima Bay, Venezuela
(Díaz and Liñero-Arana 2004)

Parracho de Maracajaú,
Brazil (Martinez 2008)
Abrolhos Bank, Bahia
Brazil (Dutra et al. 2005)
Ilha do Japonês, Brazil

++++

(Marques and Creed 2000,
Creed and Kinupp 2011)

Ilha do Mel, Paranaguá,
Brazil (Couto and Savian

p

1998)

Europe
Western Atlantic, Norway
(Fredriksen et al. 2010)

Skagerrak, Atlantic, Norway
(Fredriksen et al. 2010)

Baltic, Finland
(Bostrom and Bonsdorff 1997)

Sylt, Wadden Sea
(Reise 1985)

South England
(Dando et al. 1986)

South Ireland
(Dale et al. 2007)

Brittany, France
(Monnat 1970, Hily and
Bouteille 1999)

Arcachon, France

+++/++++

(Blanchet et al. 2004)

Eo estuary, Atlantic coast,
Spain (de Paz et al. 2008)
Mediterranean, Spain

+++

(Rueda and Salas 2008)

Mallorca, Spain
(Centeno 2008)
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Table A2.1 Continued.

Area (source)

Temp.

Clim.

Seagrass genus

Lucinid genus

Density

13 – 24

Subtr.

Cymodocea

Loripes

+++/++++

13 – 23

Subtr.

Posidonia

Lucinella

10 – 26

Subtr.

Cymodocea, Zostera

Loripes

+++/++++

15 – 23

Subtr.

Zostera

Loripes

++

17 – 28

Subtr.

Posidonia

Loripes, Myrtea

+

6 – 24

Temp.

Zostera

Loripes, Lucinella

p

18 – 26

Subtr.

Loripes

+++/++++

22 – 29

Trop.

Cymodocea, Halodule,
Zostera
Halodule

Loripes

p

25 – 29

Trop.

Halodule, Thalassia

Codakia, Lucina

p

25 – 29

Trop.

Lucinidae

26 – 30

Trop.

Cymodocea, Thalassia,
Enhalus,
Thalassodendron
Thalassia

23 – 27

Trop.

Cymodocea, Halodule,
Zostera

15 – 19

Subtr.

Zostera

17– 22

Subtr.

Zostera

Loripes

p

21 – 28

Subtr.

Halodule, Halophila

Rasta

p

Egypt, Red Sea (Zuschin
and Hohenegger 1998)

22 – 29

Subtr.

21 – 33

Subtr.

Cardiolucina, Divaricella,
Pillucina, Wallucina
Anodontia, Pillucina

++++

United Arab Emirates

Cymodocea, Halodule,
Halophila
Halodule, Halophila

25 – 28
27 – 30

Trop.
Trop.

Halodule, Halophila
Cymodocea, Halodule,
Syringodium,
Thalassodendron

Pillucina
Codakia, Lucina

++++
p

Europe
Corsica, France
(Johnson et al. 2002)

Prelo Bay, Ligurian Sea

++/+++

(Harriague et al. 2006)

Venice lag., Italy
(Pranovi et al. 2000,
Sfriso et al. 2001)

Izmir Bay, Turkey
(Cinar et al. 1998)

Cyprus
(Argyrou et al. 1999)

Black Sea, Romania
(Nicolaev and Zaharia 2011)

Africa
Banc d’Arguin, Mauritania
(van der Geest et al. 2011)

Baia da Corimba, Angola
(Van-Dunem do Sacramento
Neto dos Santos 2007)

Kismayo, Somalia
(Chelazzi and Vannini 1980)

Zanzibar, Tanzania
(Eklof et al. 2005)

Mahé, Seychelles
(Taylor and Lewis 1970)

Inhaca, Mozambique
(de Boer and Prins 2002)

Langebaan lag.,
South-Africa

Anodontia, Codakia,
Ctena
Anodontia,
Cardiolucina, Loripes,
Lucina, Pillucina

++/++++

++
++

0

(Siebert and Branch 2005)

Swartvlei estuary,
South-Africa (Whitfield 1989)

Asia/Pacific
Jordan, Red Sea
(Taylor et al. 2005)

++++

(Feulner and Hornby 2006)

Oman (this study)
Palk Bay, India
(Gophinadha-Pillai and
Appukuttan 1980)
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Table A2.1 Continued.

Area (source)

Temp.

Clim.

Seagrass genus

Lucinid genus

Density

2 – 21

Temp.

Zostera

Pillucina

16 – 26

Subtr.

Zostera

Luncinidae

p

22 – 29

Subtr.

Codakia, Epicodakia

p

20 – 29

Trop.

21 – 29

Trop.

Cymodocea, Enhalus,
Halodule, Halophila,
Thalassia
Halodule, Halophila,
Zostera
Halodule, Halophila

22 – 29

Trop.

27 – 30

Trop.

28 – 30

Trop.

Halodule

28 – 30

Trop.

28 – 29

Trop.

Anodontia

p

28 – 30

Trop.

Lucinidae

+++

28 – 30

Trop.

23 – 27

Trop.

Cymodocea, Enhalus,
Halodule, Halophila,
Thalassia
Cymodocea, Enhalus,
Halodule, Halophila,
Syringodium, Thalassia
Cymodocea, Enhalus,
Halodule, Halophila,
Thalassia
Cymodocea, Enhalus,
Halodule, Halophila,
Syringodium, Thalassia
Halodule

28 – 29

Trop.

25 – 30

Asia/Pacific
Posyet Bay, Sea of Japan

+++

(Kharlamenko et al. 2001)

Tokyo, Bay of Japan
(Whanpetch 2011)

Okinawa, Japan
(Yamaguchi 1999)

Guangxi, China
(Huang 2008)

Guangdong, China

0
Pillucina

p

Pillucina

p

Epicodakia

p

(Huang 2008)

Hainan, China
(Huang 2008)

Tubbataha Reefs,
Philipines

Cymodocea, Enhalus,
Halodule, Thalassia
Halodule, Halophila,
Thalassia

(Yamaguchi 1999)

Kungkrabaen Bay,
Thailand (Meyer et al. 2008)
Had Chao Mai, Thailand
(Nakaoka et al. 2002)

Pulau Semakau,
Singapore
(Tan and Yeo 2010)

Bone Batang, Indonesia
(Vonk et al. 2008)

Banten Bay, Indonesia

++++
++++

Anodontia, Codakia

p

Codakia, Epicodakia

p

Thalassia

Codakia, Wallucina

++/+++

Trop.

Halodule, Halophila

Anodontia, Ctena,
Divaricella

+++

25 – 29

Trop.

Halophila

21 – 26

Subtr.

19 – 23

Subtr.

Cymodocea, Halodule,
Halophila, Zostera
Posidonia

Anodontia, Chaviana,
Wallucina
Anodontia, Pillucina

16 – 20

Subtr.

Amphibolis, Posidonia

(Kuriandewa 2008)

Tongapatu, Tonga

Anodontia,
Indoaustriella, Pillucina
Pillucina

(Yamaguchi 1999)

Tarawa Atoll (Paulay 2000)

Oceania
Roebuck Bay, Australia
(this study, Piersma et al.
2006)

Lizard Island, Australia
(Taylor and Glover 2008)

Moreton Bay, Australia
(Taylor and Glover 2008)

Rottnest Island, Australia

p
p

Wallucina

+++/++++

Anodontia

p

(Barnes and Hickman 1999)

South-West Australia
(Hutchings et al. 1991)
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Table A2.1 Continued.

Area (source)

Temp.

Clim.

Seagrass genus

Lucinid genus

Density

19 – 24

Subtr.

Halophila

Wallucina

17 – 23

Subtr.

Halophila, Zostera

0

13 – 18

Temp.

Halophila, Zostera

0

12 – 16

Temp.

Heterozostera, Ruppia,
Zostera

Wallucina

24 – 28

Subtr.

15 – 21

Subtr.

Cymodocea, Halodule,
Thalassia
Zostera

Anodontia, Codakia,
Ctena
Divaricella

Oceania
New South-Wales,
Australia

p

(Gibbs et al. 1984)

New South-Wales,
Australia
(McKinnon et al. 2009)

Western Port, Victoria,
Australia
(Watson et al. 1984,
Edgar et al. 1994)

Tasmania
(Edgar et al. 1999a,
Edgar et al. 1999b)

New Caledonia
(Glover and Taylor 2007)

Slipper Island,
New Zealand
(Schwarz et al. 2006)

Temp. depicts the mean annual temperature range based on the sea surface temperature (ºC);
Clim. indicates type of climate (tropical, subtropical or temperate);
Lucinid density (spatial average): + = 1–10; ++ = 11–100; +++ = 101-1000; ++++ = >1000 ind/m2
p = present (no abundance data); u = uncertain; 0 = absent.
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Table A2.2 Overview of the statistical output from the analyses of the data presented in Figures 2,
3, and S4.
Treatment

df

F

p

Sulfide measurements (Figure 2.2A; repeated measures ANOVA)
Zostera
1
Loripes
1
Sulfide
1
Zostera * Loripes
1
Zostera * Sulfide
1
Loripes * Sulfide
1
Zostera * Loripes * Sulfide
1
Error
32

6.8
268.8
109.7
7.8
2.2
102.7
2.4

0.014
<0.001
<0.001
0.009
0.150
<0.001
0.127

Oxygen measurements (Figure 2.2B; ANOVA)
Zostera
Loripes
Sulfide
Zostera * Loripes
Zostera * Sulfide
Loripes * Sulfide
Zostera * Loripes * Sulfide
Error

1
1
1
1
1
1
1
32

39.3
125.0
8.9
48.3
0.0
0.3
0.5

<0.001
<0.001
0.006
<0.001
0.862
0.578
0.505

Zostera shoot biomass (Figure 2.3A; ANOVA)
Loripes
Sulfide
Loripes * Sulfide
Error

1
1
1
16

61.3
72.6
0.9

<0.001
<0.001
0.348

Zostera root biomass (Figure 2.3B; ANOVA)
Loripes
Sulfide
Loripes * Sulfide
Error

1
1
1
16

50.2
12.0
1.7

<0.001
0.003
0.211

Loripes fitness (Figure 2.3C; ANOVA)
Sulfide
Zostera
Sulfide * Zostera
Error

1
1
1
16

37.3
9.0
5.4

<0.001
0.008
0.034

Ammonium (Figure A2.4A; ANOVA)
Zostera
Loripes
Sulfide
Zostera * Loripes
Zostera * Sulfide
Loripes * Sulfide
Zostera * Loripes * Sulfide
Error

1
1
1
1
1
1
1
32

59.7
505.9
35.2
57.1
73.3
39.3
68.5

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Phosphorus (Figure A2.4B; ANOVA)
Zostera
Loripes
Sulfide
Zostera * Loripes
Zostera * Sulfide
Loripes * Sulfide
Zostera * Loripes * Sulfide
Error

1
1
1
1
1
1
1
32

58.2
562.1
19.6
55.1
0.0
28.2
0.0

<0.001
<0.001
<0.001
<0.001
0.888
0.000
0.965
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Drought and mutualism breakdown drive
landscape-scale degradation of seagrass beds
Jimmy de Fouw, Laura L. Govers, Johan van de Koppel, Jim van Belzen,
Wouter Dorigo, Mohammed A. Sidi Cheikh, Marjolijn J. A. Christianen,
Karin J. van der Reijden, Matthijs van der Geest, Theunis Piersma,
Alfons J. P. Smolders, Han Olff, Leon P. M. Lamers,
Jan A. van Gils, Tjisse van der Heide

ABSTRACT
Concerns grow that environmental disruption of marine mutualisms exacerbates
ecosystem degradation, with breakdown of the obligate coral mutualism (‘coral
bleaching’) as iconic example. However, as these mutualisms are mostly facultative
rather than obligate, it remains unclear whether mutualism breakdown is a common accelerator of marine ecosystem degradation. Here we provide evidence that
drought stress triggered the failure of a facultative mutualism between seagrass
and lucinid bivalves with sulphide-oxidizing bacteria, and that their combination
caused landscape-scale degradation of tropical intertidal seagrass beds. Local climate and remote sensing analyses revealed seagrass collapse following a summer
with high low-tide drought stress. Field surveys demonstrated that degraded areas
contained low lucinid numbers, and high toxic sediment sulphide concentrations. A
mesocosm experiment confirmed that loss of mutualism strength enhances seagrass degradation. Our results suggest that breakdown of facultative mutualisms
can accelerate marine ecosystem degradation, emphasizing the urgency to include
mutualisms as conservation and restoration targets.

Accepted for publication in Current Biology
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INTRODUCTION
Mutualisms are important drivers of global biodiversity and ecosystem functioning, as
many organisms are directly involved in networks of beneficial interactions (Bascompte
and Jordano 2007, van der Heijden et al. 2008, Kiers et al. 2010). The vast majority of
terrestrial plants depend on partnerships with mycorrhizal fungi, pollinating insects, seed
dispersers or dinitrogen-fixing bacteria (Bascompte and Jordano 2007, van der Heijden et
al. 2008). Moreover, mutualistic interactions are similarly vital in marine ecosystems such
as hydrothermal vents, coral reefs, kelp forests, salt marshes, mangroves, and seagrass
meadows, where ecosystem-structuring foundation species may importantly depend on
them to aid in reducing physical stress or gaining resources (Hay et al. 2004, HoeghGuldberg et al. 2007, van der Heide et al. 2012). Although such mutualisms can stabilize
ecosystems, this dependency also incurs a clear risk: it binds many species to a common
fate, and failure of mutualistic interactions may therefore lead to loss of the species
involved, with concurrent habitat degradation and biodiversity decline (Kiers et al. 2010,
Lever et al. 2014).
Mounting evidence suggests that environmental change – often by anthropogenic forcing (e.g. climate change, nutrient enrichment) – can disrupt mutualisms in a wide range
of marine, freshwater and terrestrial ecosystems (Hoegh-Guldberg et al. 2007, Kiers et al.
2010, Dakos and Bascompte 2014, Lever et al. 2014). Because mutualism by its very
nature generates a positive feedback between species involved (van der Heide et al. 2012,
Dakos and Bascompte 2014, Lever et al. 2014), environmental change may theoretically
cause breakdown of these mutualistic interactions, which in turn may accelerate habitat
degradation (Hay et al. 2004, Hoegh-Guldberg et al. 2007, Kiers et al. 2010). Coral
bleaching events (i.e. expulsion of endosymbiotic algae) are an iconic example where
environmental changes (e.g. due to global warming) led to the breakdown of an obligate
mutualism and ecosystem degradation (Hoegh-Guldberg et al. 2007, Kwiatkowski et al.
2015). Similar to coral reefs, many other marine ecosystems shaped by mutualismdependent foundation species also exhibit sudden and large-scale declines (Silliman et al.
2005, van der Heide et al. 2007). In contrast, however, the mutualisms in these ecosystems are facultative rather than obligate (Hay et al. 2004), and can vary in strength
depending on prevailing conditions (van der Heide et al. 2012). Therefore, it remains
unclear whether mutualism breakdown due to environmental change is a general risk
inherent to mutualism-dependent marine ecosystems, and if such breakdowns in turn
accelerate ecosystem degradation.
Here we investigate the hypotheses that (1) climatic extremes can trigger the breakdown of a facultative mutualism between seagrass and lucinid bivalves with sulphideoxidizing gill bacteria, and that (2) these two phenomena combined can cause rapid seagrass ecosystem degradation (Figure 3.1A & B). Seagrass beds are essential for coastal
zones worldwide, because they provide coastal protection, act as carbon and nutrient
sinks, and serve as vital habitat for migrating coral reef species and many other animals,
including waterbirds, fish, dugongs, manatees, and turtles (Larkum et al. 2006, Waycott
38
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Figure 3.1 (A) Conceptual representation of the facultative mutualism between intertidal seagrass,
lucinid bivalves and their endosymbiotic sulphide-oxidizing gill bacteria. Seagrasses produce and
trap organic matter that is decomposed by sulphate-reducing bacteria that produce toxic sulphide in
the process. The lucinid-bacteria consortium alleviates toxicity by oxidizing sulphide, which is stimulated by seagrass that directly provides oxygen to the bivalves (van der Heide et al. 2012). (B)
Here, we investigate the hypotheses that (1) increased evapotranspiration during drought enhances
low-tide desiccation stress, triggering mutualism breakdown, and that (2) these two phenomena
combined can cause seagrass ecosystem degradation.

et al. 2009, Fourqurean et al. 2012). Seagrass ecosystems are degrading at an accelerating rate worldwide (Waycott et al. 2009), and losses are often typified by sudden die-off.
Such rapid declines have been attributed to climatic extremes such as storms, high seawater temperatures, and low-tide desiccation events in intertidal beds (Seddon et al. 2000,
Larkum et al. 2006, Massa et al. 2009, Fraser et al. 2014, Thomson et al. 2015), but also
to environmental changes exceeding the buffering capacity of feedbacks between seagrass
and abiotic conditions (van der Heide et al. 2007, van der Heide et al. 2010).
Dense seagrass meadows increase water clarity by trapping suspended particles from
the water layer and by stabilizing sediments, facilitating their own growth (van der Heide
et al. 2007, Fourqurean et al. 2012, van der Heide et al. 2012). This positive feedback,
however, also results in a negative feedback as organic matter accumulates in the sediment, and its anaerobic decomposition involving sulphate-reducing bacteria yields toxic
sulphide in the process (van der Heide et al. 2012, Lamers et al. 2013, Holmer and
Hasler-Sheetal 2014). To break this negative feedback, seagrasses create another positive
feedback by engaging in a mutualistic interaction with lucinid bivalves and their gill39
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inhabiting, sulphide-oxidizing bacteria, which reduces sulphide stress (Larkum et al.
2006, van der Heide et al. 2012). In turn, the bivalves and their endosymbionts not only
profit from sulphide that is indirectly provided by seagrasses, but also from oxygen
released by seagrass roots. This recently-discovered mutualism was found to be globally
important for the functioning of seagrass ecosystems, and for our study system in particular (Taylor et al. 2011, van der Heide et al. 2012, Stanley 2014).
To investigate our hypotheses, we studied a landscape-scale die-off event in the intertidal seagrass beds of Banc d’Arguin – a pristine Marine Protected Area in Mauritania
(West Africa). In this tropical Sahara desert climate, low-tide desiccation is a common
stressor for seagrasses (van Lent et al. 1991), but in 2010 and 2011 the region reportedly
experienced exceptional drought and heat (with anomalies of +2 – 3.5°C compared to
long-term mean monthly temperatures) (Njau and Thiaw 2011, Njau and Thiaw 2012,
Masih et al. 2014). Using local climate data and remote sensing analyses of spatiotemporal seagrass dynamics, we first investigated whether (1) the die-off could be related to
low-tide desiccation stress caused by heat, wind, and/or drought extremes, and (2) if disruption of a feedback was an important accelerant of the observed decline. Next, we carried out field surveys to examine the potential link between seagrass die-off, desiccation,
and breakage of the mutualistic feedback. Finally, to mechanistically elucidate whether
mutualism breakdown accelerated seagrass degradation, we tested whether mutualism
strength amplifies seagrass persistence under desiccation stress in a mesocosm experiment in the field.

METHODS
Study system
Our study was carried out in the tropical intertidal seagrass meadows of Parc National du
Banc d’Arguin (PNBA) in Mauritania (19°52.42' N, 16°18.50' W; Appendix Figure A3.1).
The intertidal area covers about 500 km2 of mudflat dominated by mixed meadows of
Zostera noltii, Halodule wrightii and Cymodocea nodosa (Wolff et al. 1993) that retain consistent aboveground biomass throughout the year (Vermaat et al. 1993) which is typical
for seagrasses around the equator (Duarte 1989). Characteristic for an intertidal mudflat
in general, morphology is typified by a gently sloping terrain with shallow depressions
and elevations (relief <10 cm) alternating at a scale of roughly 10 to 50 meters (Appendix Figure A3.2). This subtle morphology primarily results from sediment trapping by seagrass in interaction with morphodynamics driven by waves, tidal currents, and/or lowtide dewatering dynamics (van der Heide et al. 2007, De Swart and Zimmerman 2009,
Folmer et al. 2012). In our system, seagrass meadows accumulate large amounts of silty,
organic matter-rich sediment of up to ~1-m thick. The sediment layer between the seagrass roots is inhabited by high densities (over 3700 ind. m-2) of the small (~1 cm)
lucinid bivalve Loripes lucinalis (van der Geest et al. 2011, van der Heide et al. 2012),
which obtains 71% of its nutrition from the obligate mutualism with its gill-inhabiting
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sulphide-oxidizing bacteria (van der Geest et al. 2014). Temperature loggers show that
mudflat surface temperatures can peak well above 40ºC during tidal exposure in this
desert climate, causing desiccation that is considered stressful for intertidal seagrass in
this system and in general (van Lent et al. 1991, Seddon et al. 2000, Larkum et al. 2006,
Massa et al. 2009).
Local climate analyses
We obtained daily averaged temperature, dew point temperature, and wind speed data
from the coastal weather station in Nouadhibou, which is nearest to our study area
(located ~140 km northwards). Dew point depression and water vapour pressure deficit
– two direct measures of atmospheric water moisture deficit and thus suitable proxies of
atmospheric moisture extraction from land surfaces (Seager et al. 2015) – were calculated from the temperature and dew point temperature data. Next, we determined the
number of extreme days – defined as days over the 95% percentile – for temperature,
wind, dew point depression and vapour pressure deficit for the three warmest months
(August to November) over the period 2007 – 2013. These three months are not only the
most stressful for the intertidal seagrass beds with respect to low-tide solar radiation and
temperature, but also regarding strain on the mutualism as sulphide production is temperature-dependent (van der Heide et al. 2012).
Remote sensing analyses
To investigate seagrass cover changes over time, we used GIS analyses combined with
ground observations. We were able to select Landsat 5 and 8 images taken in the warmest
months (August-October), at low tide, and with sufficiently low haziness for 2007, 2009,
2011 and 2013 (Table A3.1). For each image, we calculated the Normalized Difference
Vegetation Index (NDVI) as a proxy for seagrass cover (Folmer et al. 2012) in a 230-point
sampling grid (250×250 meter) in the intertidal zone. NDVI was calculated from the
near-infrared (NIR) and red (RED) spectral bands: (NIR – RED)/(NIR+RED). Prior to
analysis, we converted the digital numbers of the spectral bands to top-of-atmosphere
reflectance and empirically cross-calibrated reflectance (2009 Landsat image served as
baseline), using a linear model fitted to random common ground targets with low and
high reflectance (ocean and desert respectively) (Song et al. 2001, Teillet et al. 2006).
Additionally, supporting ground observations were carried out by photographing and
scoring seagrass cover in 0.5×0.5-m quadrats in two repetitive field surveys in 2009 and
2013 (213 sampling points, for design see: Van Gils et al.(2015)).
We used potential analysis, a method for detecting feedbacks and alternate states
(Livina et al. 2010, Scheffer et al. 2012), to test whether internal feedbacks and desiccation stress across the elevation gradient could explain the observed system-wide collapse.
Potential analysis assumes that variation in NDVI is the result of feedbacks and stochasticity approximated by:
dNDVI = – U '(NDVI)dt + σ dW

(eq. 1)
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where the potential function U(NDVI) describes deterministic processes (i.e. feedback),
and dW is a Gaussian noise term with intensity σ. For each map, 17672 NDVI values were
binned in 0.1-m height classes from -0.6 to 0.3 m relative to mean sea level based on a
digital elevation map, which was derived from RTK-GPS calibrated contour lines from false
colour composite Landsat images taken at varying tidal levels. For each elevation class the
probability density function Pd was estimated using a standard Gaussian kernel estimator,
smoothed with a moving window (size: 0.025). Local minimums of the potential U =
– log(Pd ) correspond to alternate states identified by an automated peak search function.
Field surveys
To investigate the potential link between observed seagrass die-off, mutualism strength
and desiccation stress, we compared degraded patches (as die-offs were patchy in nature)
with adjacent healthy patches at 8 sites (4 replicates per site) across the study area in
October 2012 (Appendix Figure A3.1). At each sampling location, we identified die-off
patches (seagrass cover: 9.4 ±1.0%; mean ±SE; n = 32) and compared their general
habitat characteristics with adjacent (<10 m) healthy areas (seagrass cover: 77.4 ±2.0%
cover), thus resulting in a pairwise approach. To test whether subtle elevation differences
on the mudflats (see “Study system”) caused affected local water run-off and desiccation
stress, we first compared elevation differences between degrading and healthy patches
with a laser to the nearest 1 mm (Spectra Precision Laser LL500) and scored the presence
or absence of a water film on the sediment surface at low tide. In addition, we measured
sediment median grain size and organic matter as indicators of general sediment characteristics. Sediment samples were taken with a small core (Ø 1.5 cm) to a depth of 5 cm,
weighed immediately after collection and frozen (–10°C). Samples were freeze-dried in
the laboratory, after which we determined median grain size using a particle size analyzer
with auto sampler (Coulter LS 13 320) and organic matter as loss on ignition (LOI; 5 hrs
at 560°C).
Next, we carried out an in-depth investigation at the site of Abelgh Eiznaya (19°53.54'N,
16°18.85'W). In addition to the above variables, we compared mutualism strength between
degraded and adjacent healthy areas through comparisons of lucinid bivalve densities (L.
lucinalis), seagrass biomass (Z. noltii), and pore water sulphide concentrations (n = 8).
Lucinids and seagrass were sampled following a standard procedure (van Gils et al.
2012): sediment cores (Ø 15 cm) were taken to a depth of 20 cm and then sieved over a
1-mm mesh. Lucinids in the sample were counted in the laboratory and total dry weight
of the seagrass inside the cores was determined after drying (48 hours at 60ºC). Sulphide
was measured by anaerobically collecting sediment pore water samples in 60-ml vacuumed syringes connected to 5-cm rhizon samplers (Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands), which had been placed in the root zone at two depths (0 – 5 cm;
5 –10 cm). Total dissolved sulphide concentration in the pore water was measured immediately after sampling, in a mixture of 50% sample and 50% Sulphide Anti-Oxidation
Buffer (SAOB) using an ion-specific silver-sulphide electrode (van der Heide et al. 2012,
van Gils et al. 2012) Finally, to investigate the possibility that degraded sites already con42
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tained lower lucinid numbers before the 2011 drought, we resampled 8 patches at Abelgh
Eiznaya in 2013 that were healthy (>60% seagrass cover) prior to the collapse and had
been sampled in 2009. Of these patches, 5 were still healthy in 2013 and 3 had become
degraded (<20% seagrass cover).
Mutualism manipulation experiment
To test for the potential role of mutualism breakdown in seagrass degradation, we carried
out a mesocosm experiment in the west of Baie d’Aouatif (19°53.10'N, 16°17.55'W), by
manipulating L. lucinalis densities in cores of Z. noltii – two species that can easily be
manipulated under both lab- and field conditions (van Lent et al. 1991, van der Heide et
al. 2012). Keeping both seagrasses and their rhizosphere intact (van Lent et al. 1991), we
collected 14 cores (Ø 15 cm, depth 20 cm) in PVC columns from a healthy location along
a gully near the low water line. The PVC cores were sealed at the bottom, and transported to an experimental site with naturally occurring low densities of seagrass. Here
they were placed along a gentle slope (10.3 ±0.4 hrs exposure time day-1 (i.e. ~5.2
hours of exposure per tidal cycle); mean ±SD) to induce water drainage and desiccation
stress. Each core was inserted into pre-made holes in the sediment in such a way that it
was level with the surrounding sediment. A pilot experiment comparing leaves from the
collection site with those from the experimental setup after 12 days had demonstrated
severely reduced healthy leaf lengths at the experimental site (108.2 ±8.31 mm at the
collection site, 35.56 ±5.86 mm the pilot experiment (mean ±SE; n = 25); Appendix
Figure A3.3) – a response typical of desiccation stress in seagrasses (Boese et al. 2003),
implying that desiccation was indeed a significant stressor in our experiment as designed.
In the experiment, we manipulated mutualism strength through the addition of lucinids.
Half of the cores contained background densities of lucinids from the collection site where
background densities were relatively low (1184 ±174 ind. m-2 (mean ±SE, n = 7)). In
the other half, we added lucinids on top of the sediment surface and allowed them to
burry themselves in the sediment over the course of one tide, resulting in a final density
of 3216 ±258 ind. m-2. Densities of both treatments were well within the range found in
the field (range: 250 – 3700 ind. m-2) (van der Geest et al. 2011, van Gils et al. 2013).
After an acclimatization period of 3 days in which the cores were kept wet during low
tide to eliminate desiccation stress, we started the 12-day experiment. As an indicator of
both lucinid activity and sulphide toxicity to seagrass, sulphide levels were determined
twice over the course of the experiment (after 9 and 12 days) in pore water samples collected at two depth layers (at 0 – 5 and 5 – 10-cm using 5-cm rhizons). Next, we clipped all
seagrass leaves from the cores and scanned 25 randomly selected leaves per core (Canon
Lide 100). As seagrass desiccation typically starts with browning of the leaf tips (being
most exposed) and progresses towards the base of the shoot as it worsens (Boese et al.
2003), we used the length (measured to the nearest millimetre) of the green part at the
leaf base to the lowest desiccated brown part of each scanned leaf as seagrass health indicator. Additionally, we determined photosynthetic yield by pulse amplitude-modulation
(PAM) fluorometry as indicator of vitality of photosystem II (PSII), as one of the first
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signs of dehydration in Z. noltii is damage to its photosynthetic capacity (van der Heide et
al. 2010). Finally, lucinids from all cores were collected by sieving the sediment over a 1mm mesh and were counted in the laboratory (see Methods: Field surveys).
Statistical analyses
All statistical analyses were conducted using the software program R (R Development
Core Team 2014). NDVI was analysed using one-way ANOVA with year as a fixed factor
and Tukey HSD for post-hoc comparisons. Ground observation data were analysed with a
one-way ANOVA (aov) with year as a fixed factor.
Differences in sediment height, grain size distribution and organic matter content
were tested using one-way ANOVA (aov) with location as a random factor. Presence/
absence of a water film was fitted with binomial regression (glmer; location as random
factor). Sulphide concentrations in the field survey were log-transformed to meet
assumptions of normality of residuals. Next, we used one-way ANOVA with patch condition (health/degrading) and sediment depth (0 – 5 and 5 – 10-cm) as fixed factors, and
sampling point as a random factor to link the upper and lower sediment layer. We used a
Generalized Linear Model (glm) with Poisson distribution to compare lucinid counts in
degraded and healthy patches 2012. Finally, to compare lucinid densities between
patches that remained healthy and patches that became degraded between 2009 and
2013, we used a Poison-distributed glmm with year as fixed factor and sampling point as
random factor, followed by pairwise post hoc comparisons with Bonferroni correction of
significance levels.
In the experiment, we used a one-way ANOVA to test for differences in seagrass leaf
length and used Kruskal-Wallis for PAM results. Similar to the field, sulphide concentrations in the experiment were log-transformed. Next, they were analysed in a repeated
measures design with treatment and sediment depth as fixed factors, and core as a random factor to link sediment depths.

RESULTS
Local climate analyses
Both 2010 and 2011 in Mauritania were reportedly warm and characterized by drought,
but our analyses of local climate data suggest that the summer of 2011 in our study area
was exceptionally warm, windy and dry, leading to a high evaporative demand. The number of extreme days in the warmest three months (August-October) – defined as days
over the 95% percentile – was higher for all four variables included in our analyses
(Figure 3.2). The number of recorded extremely hot and windy days in 2011 was at least
1.3 times higher compared to other years. More importantly, however, the number of
extremes in the two most direct proxies of evaporation, and thus low-tide desiccation
stress – dew point depression and water vapour pressure deficit (Seager et al. 2015) –
was over 5 times higher in 2011.
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Figure 3.2 Number of extreme days in the three warmest months (August to October) – expressed
as days over the 95% percentile in that period – for daily averaged temperature, wind speed, dew
point depression, and water vapour pressure deficit respectively. Analyses show that the number of
extreme days in 2011 was higher compared to other years for all variables. Differences are most pronounced for the two most direct measures of evaporation (and thus low-tide desiccation): dew point
depression and water vapour pressure deficit.

Remote sensing analyses
Analysis of NDVI suggests that degradation of the intertidal seagrass Z. noltii was initiated
in 2011, and was followed by a sharp decline. Following a small increase between 2007
and 2009, NDVI started to decrease in land-bordering higher areas with long low-tide
exposure times, after which a system-wide 44% decline occurred in 2011 – 2013 (Figure
3.3A-E). This landscape-scale NDVI decrease was supported by ground observations
demonstrating a 50% decrease in seagrass cover between 2009 and 2013 (Figure 3.3F).
In line with climate and NDVI analyses, potential analysis shows that (1) seagrass
degradation was initiated by desiccation in 2011, but also demonstrates that (2) the
decline was feedback-driven as hypothesized (Figure 3.4). For 2007 and 2009, the analysis identified a system with for the most a single attracting state, in which NDVI
decreased with increasing elevation. However, near the end of the drought in 2011, when
the system was on the brink of collapse, the analysis revealed two attractors at intermediate elevations, indicating that both high and low seagrass cover were stable here. Moreover, the lower attractor increased in strength at higher elevations, where longer low-tide
exposure times enhance seagrass desiccation stress. In 2013, only the lower attractor was
stable at intermediate and higher elevations.
Field surveys
Height measurements demonstrated that degraded patches were on average situated 6.7
cm higher than healthy areas (Figure 3.5A). Moreover, at low tide, we found that
degraded patches were typically dry with only 6% of the sediment surface cover with a
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Figure 3.3 (A-E) NDVI in our study area (Banc d’Arguin, Mauritania) from 2007 to 2013 as calculated from Landsat imagery. NDVI remained relatively stable from 2007 to 2011, after which a sharp
44% decrease followed between 2011 and 2013 (E; F3,916 = 104.22, P < 0.001; letters indicate post
hoc groups). (F) These analyses were confirmed by ground observations that revealed a 50%
decrease between 2009 and 2013 (F1,435 = 98.44, P < 0.001). Error bars depict standard errors
(n = 230 and n = 213 respectively).
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thin water film. In contrast, water drainage from higher towards lower patches resulted in
the presence of a thin water film on the sediment surface at 88% of the healthy areas
(Figure 3.5B). Apart from height, we detected no differences in general characteristics as
indicated by sediment organic matter content (11.9 ±0.4%; mean ±SE) and grain size
distribution (70.0 ±1.5 µm).
More detailed investigations of the benthic community revealed that, since the onset
of degradation and our survey in 2012, aboveground seagrass biomass in degraded
patches had been reduced by 89% (healthy: 124.3 ±21.0 g dry weight per m2; degraded:
13.9 ±6.9 g). Similarly, densities of the dominant lucinid bivalve L. lucinalis were 9 times
lower in degraded patches (Figure 3.5C), while pore water sulphide concentrations were
over 4 times higher, and showed an increase with depth (Figure 3.5D). Finally, a comparison of patches sampled both before (2009) and after the collapse (2013), confirmed that
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Figure 3.4 (A-D) Potential analyses on NDVI across elevation from 2007 to 2013. In 2007 and
2009, NDVI was high (> 0.2) at low elevations, but decreased sharply above mean sea level. Analysis
of 2011, reveals two attractors (closed markers) at intermediate elevations. The shift of unstable
potentials (open markers) toward the upper attractor indicates that the lower attractor increases in
strength at higher elevations. In 2013, only low cover is stable at intermediate and higher elevations.
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lucinids declined dramatically (4 – 5×) in degrading patches while remaining stable in
healthy patches (Appendix Figure A3.4).
Mutualism manipulation experiment
Results from the mesocosm experiment showed that after 12 days pore water sulphide
concentrations in cores with lucinid addition were around 50% lower compared to unmanipulated cores, while concentrations across depth in unmanipulated cores were similar to
degrading patches in the field (Figure 3.6A). Furthermore, we found that seagrass health,
measured as healthy leaf length, was enhanced by 70% in the lucinid addition treatment
(Figure 3.6B) and that photosynthetic yield was 19% higher (X2 = 9.91, P = 0.002).

DISCUSSION
Overall, our results provide evidence that (1) enhanced low-tide desiccation caused by
drought in 2011 initiated seagrass degradation and a breakdown of the facultative seagrass-lucinid mutualism, and (2) that this breakdown in turn amplified the landscapescale seagrass decline. Local climate data combined with NDVI and potential analyses
suggest that seagrass degradation was initially triggered by desiccation induced by high
evapotranspiration (evaporation plus plant transpiration) during drought. After the onset,
however, the decline lasted in the years following the drought. Moreover, potential analysis demonstrates that the decline was also driven by feedback mechanisms.
Next, the results of our field surveys and mesocosm experiment combined indeed indicate that desiccation stress triggered a breakdown of the mutualistic feedback between
seagrass and lucinids, and that the breakdown itself in turn accelerated seagrass degradation. Results from the survey reveal (1) that water drainage from higher patches alleviated desiccation stress in lower situated patches, and (2) that the mutualistic feedback
had broken down in degraded patches, as both seagrass biomass and lucinid densities
were dramatically reduced. Most likely, reduced seagrass condition caused by desiccation
stress led to reduced photosynthesis-driven oxygen release from the roots and stimulated
sulphide production. As a consequence of oxygen deficiency, the capacity of the lucinid
gill bacteria to oxidize the sulphide produced was diminished, causing lucinid mortality
and sulphide accumulation to toxic levels (van der Heide et al. 2012), which in turn further stimulated seagrass degradation. Finally, results from our mesocosm experiment confirm that loss of mutualism strength itself became an important driver of seagrass degradation, accelerating die-off. Although these results were already highly significant, we
probably still underestimated the effects as lucinid densities in our controls were still over
4 times higher compared to degrading patches in the field.
Our study, in combination with earlier work, highlights the importance of indirect
responses of ecosystem to droughts (Silliman et al. 2005). Desiccation is a well-known
stressor in subtropical to tropical intertidal seagrass beds such as Banc d’Arguin where
drought and heat waves can cause severe desiccation events, particularly when coinciding
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with strong winds and neap tides causing prolonged low-tide exposure (van Lent et al.
1991, Seddon et al. 2000). Extreme events such as drought, strong winds and tidal
extremes are all predicted to increase in frequency and severity with global warming
(IPCC 2014). Although sea level rise could be expected to mitigate future extreme
drought events, expected increases in tidal amplitudes (Short and Neckles 1999) might,
depending on local conditions, also further enhance drought stress. Overall, desiccation
stress is therefore increasingly considered to become an important threat to intertidal seagrass meadows in warmer regions (van Lent et al. 1991, Seddon et al. 2000, Massa et al.
2009).
Apart from desiccation, there are many other potential stressors for seagrass beds
worldwide that could initiate breakdown of this widespread mutualism in seagrass beds
in general – many of which are anthropogenic in origin (Orth et al. 2006, Waycott et al.
2009). Eutrophication for instance, typically reduces light availably (and thus photosynthesis-driven oxygen release from seagrass roots) due to higher competitive strength of
algae (Burkholder et al. 2007), while sulphide levels increase as a result of enhanced input
of easily degradable algal and other organic matter (Burkholder et al. 2007, Lamers et al.
2013). Other clear examples are siltation events reducing light levels (Orth et al. 2006),
salt stress hampering photosynthesis by seagrasses (Short and Neckles 1999), and
increased temperature driving enhanced sulphide production (Garcia et al. 2013). Therefore, it is likely that, due to global change, mutualism breakdown will become a more
common phenomenon in seagrass meadows, and a significant factor in the rapid decline
of seagrass ecosystems worldwide (Orth et al. 2006, Waycott et al. 2009).
Combined with the findings in coral reefs, our results point at a hidden risk of mutualism-dependency in marine ecosystems: environmental change can disrupt the inherent
mutualism-driven positive feedback, in turn accelerating ecosystem degradation, and loss
of biodiversity and critical ecosystem services such as carbon and nutrient storage,
food and water supply, and flood protection (Waycott et al. 2009, Barbier et al. 2011,
Fourqurean et al. 2012). Indeed, many marine ecosystems with mutualisms such as coral
reefs, seagrass meadows, kelp forest, salt marshes, and mangroves have declined dramatically due to global change (e.g. global warming, eutrophication, overfishing) over the last
decades (Waycott et al. 2009, Barbier et al. 2011). Yet, apart from coral reefs and seagrass meadows, the importance of these mutualisms for ecosystem functioning as well as
their role in ecosystem losses is not well understood. As mutualism breakdown is likely to
become more common in a future governed by climate change (Kiers et al. 2010), our
results emphasize the urgency to include this mechanism into marine conservation and
restoration approaches worldwide.
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APPENDIX A3
A

Banc d'Arguin
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Figure A3.1 (A) Parc National du Banc d’Arguin (PNBA) in Mauritania, West-Africa with intertidal
flats (light grey), ocean (dark grey) and desert land (white). (B) To investigate the potential link
between the observed seagrass die-off, disruption of the tripartite mutualism and its subsequent
breakdown, we carried out an 8-sites field survey (4 replicates per site) across the study area (dots
and star) where we compared general characteristics of degraded and adjacent healthy patches. At
one of the sites (star: Abelgh Eiznaya) we carried out a more detailed survey (8 replicates) in which
we also examined sediment sulphide levels and the benthic community.

Table A3.1 Suitable (i.e. regarding season, low tide, haziness) Landsat images used for the GIS
analyses.
Image

date

time

Mapping

Landsat 5

15-Sep-2007

11:18:58

NDVI

Landsat 5

11-Sep-2009

11:21:45

NDVI (baseline map)

Landsat 5

17-Sep-2011

11:20:31

NDVI

Landsat 8

24-Oct-2013

11:33:49

NDVI
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A

C

B

Figure A3.2 (A) Seagrass die-off patches with anaerobic, sulphide-rich sediment (insert) at Banc
d’Arguin. (B) Close-up of a healthy seagrass patch and (C) a degrading seagrass patch.
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A

B

Figure A3.3 (A) Healthy seagrass leaves from the field donor site and (B) seagrass leaves from
experimental cores with browning/blackening starting at the leaf tips and progressing towards the
shoot stem as a result of desiccation stress.
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Figure A3.4 Related to Figure 3.5. Analysis of 8 healthy sites sampled prior to the collapse of 2009,
of which 3 patches had become degraded after the collapse in 2013. Lucinid numbers were high and
similar in both years for patches that remained healthy. Lucinid counts in patches that became
degraded after the collapse did originally not differ from (other) healthy patches in 2009, but contained 4 to 5 times lower densities after the collapse (GLMM – Year: X2 = 7.148; P = 0.008; State
2013 (healthy vs. degrading): X2 = 0.003; P = 0.955; Year*State: X2 = 44.579; P < 0.001).
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A mutualistic feedback enhances the stability
of tropical intertidal seagrass beds
Jimmy de Fouw, Tjisse van der Heide, Jim van Belzen, Laura L. Govers,
Mohamed Ahmed Sidi Cheikh, Han Olff, Johan van de Koppel
and Jan A. van Gils

ABSTRACT
It is increasingly realized that mutualistic interactions are vital to foundation
species in a wide range of ecosystems including coral reefs, seagrass beds and on
plant-pollinator networks. Because such mutualisms by their very nature generate
a positive feedback between the species involved, subtle environmental impacts on
one of the species involved may trigger mutualism breakdown, leading to ecosystem regime shifts. Using an empirically parameterized differential equation model,
we explore the importance of a mutualism between seagrass and lucinid bivalves
with endosymbiotic sulfide-oxidizing chemoautotrophic gill bacteria in a tropical
intertidal ecosystem. This system is characterized by rapid cyclic collapse-andrecovery dynamics by alleviating sulfide toxicity caused by organic matter accumulation within seagrass beds. Model simulations predict that the seagrass-lucinidchemoautotroph mutualism stabilize this ecosystem. However, a minor increase in
seagrass mortality above natural levels due to enhanced desiccation stress, can also
trigger mutualism breakdown by pushing the system beyond a critical threshold.
This generates slow-fast cycles that are characterized by long-term persistent states
of bare and seagrass-dominated, with rapid transitions in between. Model predictions were consistent with remote sensing analyses combined with potential analyses that suggest feedback-mediated state shifts induced by desiccation. Overall, our
combined theoretical and empirical results underline the importance of mutualistic
feedbacks for stability in this ecosystem, but also reveal an important drawback as
small environmental changes may trigger dramatic shifts. We therefore suggest that
mutualisms should be considered as important, global targets for marine conservation and restoration of seagrass beds.
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INTRODUCTION
It is increasingly realized that mutualisms form vital interactions sustaining high biodiversity in ecosystems, as many organisms are directly involved in networks of mutually beneficial interactions, such as coral reefs, seagrass beds and plant-pollinator networks (Stanley 2006, Kiers et al. 2010, van der Heide et al. 2012b, Stanley 2014). More than 90% of
all tropical forest plants depend on mutualistic pollinator and/or seed dispersal interactions for reproduction (Terborgh et al. 2008, Terborgh and Estes 2010), and about 80% of
all land plants are involved in mutualistic mycorrhiza-root partnerships (Smith and Read
1997). Mutualisms are particularly pervasive in coral reefs, salt marshes, mangroves, seagrass beds and deep-sea hydrothermal vents, marine ecosystems in which the ecosystemstructuring foundation species are dependent on these interactions (Bertness 1984, Ellison et al. 1996, Stewart et al. 2005, Hoegh-Guldberg et al. 2007, van der Heide et al.
2012b). Thus, such mutualisms do not only affect the species directly involved but can
also have a major impact on ecosystem functioning and stability.
Although mutualism can increase the environmental range limits of the species
involved, e.g., by improving stress tolerance of species (Stanley 2006, Afkhami et al.
2014, Angelini et al. 2015), recent studies also suggest an important potential unavoidable downside: because mutualistic interactions by their very nature generate a positive
feedback mechanism between the species involved (Kiers et al. 2010, Lever et al. 2014),
disruption of this feedback due a negative impact on one of the component species may
lead to sudden shifts in ecosystem states (Scheffer et al. 2001, van der Heide et al. 2007,
van Nes et al. 2007). Minor environmental changes (e.g. increase in temperature or nutrients) may potentially cause mutualism breakdown, resulting in habitat degradation
(Tylianakis et al. 2008, Kiers et al. 2010, chapter 3). For example, small climate changerelated phenological shifts between plants and their pollinators can cause a mismatch
between mutualistic partners (Burkle et al. 2013), and in coral reef mutualisms, subtle
temperature increases have been suggested to cause ‘coral bleaching events’ (Loya et al.
2001, Hoegh-Guldberg et al. 2007). Yet, even though mutualism breakdown is likely to
become more common in ecosystems in the face of global change, the mechanistic
insights in the role of mutualisms in systems highly depending on them remain unclear.
Here, we explore the stability of a previously documented facultative mutualism
between seagrasses and lucinid bivalves with endosymbiotic sulfide-oxidizing gill bacteria
for ecosystem stability. By trapping suspended particles from the water layer and stabilizing sediments, seagrasses facilitate their own growth by improving water clarity (Folmer
et al. 2012, Fourqurean et al. 2012, Hansen and Reidenbach 2012). As a consequence,
however, seagrass beds also create a negative feedback, because the accumulated organic
matter in the sediment is decomposed anaerobically by sulfate-reducing bacteria that
produce toxic sulfide as a metabolic end-product (van der Heide et al. 2012b, Lamers et
al. 2013). This is where the mutualism becomes important: previous work in our study
system showed that seagrasses create a positive feedback by engaging in a mutualistic
interaction with lucinid bivalves and their sulfide-oxidizing, gill-inhabiting bacteria to
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reduce sulfide stress. In turn, the bivalves and their endosymbionts not only profit from
sulfide that is indirectly provided by seagrasses due to organic matter trapping, but also
from oxygen released by seagrass roots (van der Heide et al. 2012b, Lamers et al. 2013,
chapter 2 & 3). Lucinid bivalves are found in high densities in the rhizosphere of seagrasses meadows, especially in the tropics were sulfide production is generally high (van
der Heide et al. 2012b, Stanley 2014).
In our study system, the tropical marine intertidal flats of Banc d’Arguin in Mauritania
(West Africa), a sudden seagrass die-off event occurred in 2011 in which low-tide drought
stress triggered the failure of the facultative mutualism (chapter 3), possibly after a
period of strong sedimentation. Our earlier work suggests a feedback-mediated shift due
to environmental stress; a hypothesis in need of further investigation. We constructed a
parametrized differential equation model to (1) investigate the importance of the mutualistic interaction for seagrass ecosystem stability, and (2) test how environmental stress –
low-tide desiccation stress in our case – affects ecosystem resilience. We started by
analysing how our model system behaves with and without the facultative mutualistic
feedback. Second, to investigate whether increases in environmental stress (e.g. drought)
could lead to unstable dynamics and ecosystem collapse, we analysed the stability of the
model over a range of seagrass mortality settings, which we used as a proxy for low-tide
desiccation stress. Finally, we used a potential analysis – a method for detecting feedbackmediated shifts – on both model simulation results and remote sensing satellite data seagrass (NDVI) to link our theoretical results to empirical observations.

METHODS
Study system
This study was carried out in the intertidal area of Parc National du Banc d'Arguin
(PNBA) in Mauritania (19°52.42' N, 16°18.50' W). The area covers around 500 km2 of
mudflat dominated by seagrass Zostera noltii (Wolff et al. 1993). Here, high densities
(over 3700 ind. m-2) of the lucinid bivalve Loripes lucinalis inhabit silty, organic matterrich sediment (up to 1-m thick) accumulated between the seagrass roots (van der Heide
et al. 2012b, van Gils et al. 2013).
Model description
We developed a minimal differential equation model to investigate the importance of the
mutualistic feedback between Zostera and Loripes, and the potential consequences of
enhanced environmental stress for ecosystem stability. The changes in seagrass biomass
are described as follows:
Z
dZ
Z – f(mZ)
=r 1–
dt
Zmax

(

)

eq1

where Z is the seagrass shoot density (shoots m-2), r is the seagrass maximum net growth
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rate (day -1), Zmax is the carrying capacity (shoots m-2), and f(mZ) is a function describing
seagrass mortality:
f(mZ) = ms ·

Sn
· Z + mn · Z
S n +Hsn

eq2

With ms as the maximum mortality rate (day -1) due to sulfide toxicity and mn as the natural seagrass mortality (day -1). Sulfide toxicity is described by a sigmoid Hill-curve (Hill
1910) – an often used function to describe toxicity in organisms – with S as pore water
sulfide concentration (µmol L-1), the Hs as the half-saturation constant (µmol L-1), and
n as a dimensionless exponent determining the slope of the curve. Changes in sediment
pore water sulfide concentrations are described according to the following differential
equation:
dS
= Com · OM – Cs · L · S – es · S
dt

eq3

OM describes the amount of sediment organic matter (%), Com is a conversion factor
(µmol L-1 % -1 day -1) relating organic matter decay to sulfide production, Cs is a conversion factor (m2 ind.-1 day -1) relating sulfide loss to consumption by L Loripes (ind. m-2),
and es (day -1) describes loss of S due to chemical oxidation and diffusion to the water
layer (Lamers et al. 2013). For simplicity, we assume that organic matter finds its origin
mainly from seagrass detritus in our pristine system and its dynamics are described by a
third differential equation:
dOM
= Cz · f(mZ) – em · OM
dt

eq4

where Cz is the conversion factor (% m2 shoots-1) to convert dead seagrass biomass (sh
m-2) to % and em (day -1) is the loss of organic matter due to decomposition and export.
Finally, Loripes bivalve growth is described by:
dL
Z
= rL
dt
Zmax

(

)(1 – L L ) – m
max

L

·L

eq5

where L is the Loripes density (ind. m-2) that is linearly dependent on seagrass biomass
(Z), rL is the growth rate (ind. m-2 day -1), Lmax is the carrying capacity for Loripes, and mL
the natural mortality of Loripes (day -1). Note that Loripes spawns in the water column and
growth in Loripes numbers is therefore independent from the number of Loripes already
present (see for example van der Meer et al. 2001)
Model analysis
We first plotted model time plots at default settings (Table 4.1) without (dL/dt = 0) and
with the mutualistic feedback, respectively. Next, we performed a bifurcation analysis in
which we analysed the stability of the model for both scenarios over a wide range of settings of the parameter mn , which we used as a proxy for desiccation stress. This parame60
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ter was increased from 0 to 0.35 day -1 in 150 steps, and the analysis was also performed
backwards to detect possible alternative equilibria in the model. Model analysis was conducted with GRIND for MATLAB.
NDVI analysis and bimodality
We calculated the Normalized Difference Vegetation Index (NDVI) as a proxy for seagrass
cover to empirically study seagrass distribution over the mudflat elevation gradient at
Banc d’Arguin. NDVI was calculated from Landsat 5 and 8 satellite images taken at low
tide at the end of summer in the warmest months (Augustus-October) in 2007, 2009,
2011 and 2013 (Appendix table A4.1). NDVI was calculated from the near-infrared (NIR)
and red (RED) spectral bands: (NIR-RED)/(NIR+RED). To be able to compare NDVI
images, they were first standardized them by converting the digital numbers of the spectral bands to top-of-atmosphere reflectance. Next, we empirically cross-calibrated reflectance (2009 Landsat image served as baseline), using a linear model fitted to random
common ground targets with low and high reflectance (ocean and desert respectively)

Table 4.1 State and parameter values of the models and functions.
Parameters/state
variable

Description (unit)

Default
value

Z

seagrass shoots shoots (m-2)

-

S

pore water sulfide concentration (µmol L-1)

-

OM

organic matter (%)

m-2)

ref-

L

loripes density (ind

Zmax

maximum seagrass density (carrying capacity) (shoots m-2)

8,000

1

r

relative growth rate seagrass (day-1)

0.35

1,2,3

ms

maximum seagrass mortality rate by sulfide (day-1)

0.5

1,4a

-

(day-1)

mn

natural seagrass mortality rate

0.007

2

n

Hill-curve exponent for sulfide toxicity

5

1,2,5a

Hs

half rate constant for sulfide toxicity (µmol L-1)

300

1,2,5a

Com

conversion factor relating % OM to sulfide (µmol L-1 % -1 day-1)

0.01/ Cz

1b

0.0027

1b

Cs

conversion factor relating loss of sulfide by uptake (

ind-1

day-1

(day-1)

m2)

es

loss of S due to chemical oxidation and loss water layer

0.25

1

Cz

Conversion factor for sh/m2 to OM% (%shoots-1 m2)

1.29e-4

1

em

loss of OM due decomposition and export (day-1)

0.001

1

26

6a

4,900

7

0.002

6a

rL

relative growth rate loripes (ind

day-1

m-2)

Lmax

maximum loripes density (carrying capacity) (ind

mL

natural loripes mortality rate (day-1)

a

m-2)

value calculated from source; b value dived from experiment (Appendix A4); (1) this study(Appendix A4); (2) (van
der Heide et al. 2012a); (3) (Peralta et al. 2000); (4) (Holmer and Bondgaard 2001); (5) (Govers et al. 2014); (6)
(Ahmedou Salem et al. 2014); (7) (van der Geest 2013).
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(Song et al. 2001, Teillet et al. 2006, chapter 3). After standardization, frequency distributions of NDVI were tested for bimodality (bimodalitytest) as a first indication of feedback-mediated dynamics, using the software program R (R Development Core Team
2014, Holzmann and Vollmer 2008).
As a next step, we constructed a digital elevation model (DEM) dataset from Landsat
images taken at varying tidal levels (Appendix Table A4.2). We manually derived the contour lines of the water edge from a range of false color image composites using Landsat
SWIR, NIR and Green bands and combined these images into a single map. Different
scenes that were taken in different phases of the tide were used, to find contour lines of
the mudflats. Absolute elevation was assigned to the contour lines by determining the
elevation of each contour line relative to mean sea level using real-time kinematic differential GPS in the field using a Trimble R8 GNSS. Finally, the DEM was created within
ArcGIS 10 using 3D analyst by inverse-distance interpolation of the contour lines.
Inferring stability properties from simulated and real data
We explored if seagrass responded gradually to increased environmental stress or displays
sudden shifts. If seagrass changes gradually in response to enhanced desiccation stress
over the elevation gradient, the frequency distribution of seagrass cover should be unimodal, whereas feedback-mediated shifts between two states would typically result in a
bimodal distribution frequency (Hirota et al. 2011, Dakos et al. 2013, chapter 3). To
examine the importance of possible feedbacks in our study system, we used potential
analysis, a statistical method to detect alternative states or ‘basins of attraction’ along an
environmental stress gradient (Livina et al. 2010, Hirota et al. 2011, Scheffer et al. 2012).
Potential analysis is based on the fact that, if distinct ecosystem states exist due to the
presence of strong internal feedbacks, transitions between these feedback-stabilized states
or ‘attractors’ will occur rapidly because intermediate states are inherently unstable. Note
that we do not necessarily define attractors as ‘classic’ alternative stables states here
because there may be other, feedback-mediated dynamics (e.g. slow-fast cycles – see discussion) that can yield similar results in the potential analysis (see results and discussion). By applying the potential analysis to both model and field data, we link our simulation results to the field situation and investigate whether the mutualism is indeed an
important driver of seagrass dynamics in our study system.
Model data were prepared by simulating seagrass cover (Zmax) was simulated over 61
steps (step size: 0.0025 day -1) of mortality mn (0–0.15). After stabilization of 200 years,
the model was ran for another 50 years with the model state being saved at the end of
each year. To obtain simulation data for empirically relevant stochastic noise, 625 models
were run in parallel with varying levels of carrying capacity Zmax obtained from a stochastic noise function with a variance (σ = 0.15) that was estimated from the NDVI data.
Field data were prepared by calibrating all 17672 NDVI values of each map allocated in 9
elevation classes of 0.1 m from –0.6 to 0.3 meter relative to mean sea level, based on the
digital elevation map (DEM). Within each elevation class NDVI values were divided in
bins of size h = 1.06 × s × n-1/5 (s = standard deviation of z and n = number of obser62
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vations/pixels) to get sufficient observations per bin to estimate the probability density
function per elevation class.
Following e.g. Livina and Lenton (2007) we assumed that the variation in the simulated and observed seagrass cover are the result of underlying feedbacks and stochastic
processes, which in general terms can be described as: dz = – U’(z)dt + σ dW. The first
term describes the deterministic dynamics of the system, in which U(z) is the potential
(attractor) as the result of the feedback in the system. The second term describes the stochastic component, in which σ is the noise level and dW a Gaussian noise term. Here, the
variable z denotes simulated seagrass biomass or NDVI. As we are interested in feedbackmediated bimodality in z the probability density function Pd was estimated for each elevation class using a standard Gaussian kernel estimator (with ksdensity function in MATLAB). The bimodality in the potential function U = – log(Pd) in a mortality or elevation
class is an indication of multiple states and the local minima and maxima of U correspond
to stable and unstable attractors, respectively (Scheffer et al. 2012, Dakos et al. 2013).
The low- and high frequencies in seagrass biomass or NDVI were identified in automated
way with the peaksearch function in MATLAB.

RESULTS
Model simulations
Model simulations without the mutualism at default settings (Table 4.1) predict that seagrass is inherently unstable. Seagrass peaks at shoot densities around 50% of potential
carrying capacity Zmax, after which it quickly collapses. This is because seagrass creates a
negative feedback on its own net growth, in which organic matter accumulation results in
enhanced sulfide production and toxicity over time, causing the system to collapse.
Following the seagrass collapse, excessive organic matter is exported from the system, in
turn allowing seagrass to recolonize once sulfide levels drop below a value of about 200
µmol L-1, yielding cyclic collapse-and-recovery behaviour (Figure 4.1A).
Incorporation of the mutualistic interaction into the model enhances the stability of
the seagrass. The negative effect of seagrass on itself is buffered as toxic sulfide is now
removed from the sediment by Loripes (Figure 4.1B). However, further examination
reveals that a small increase in seagrass mortality (from mn = 0.007 to mn = 0.011 day -1)
as a simulation of enhanced environmental stress creates a condition in which Loripes is
not able to consume all sulfide produced. This causes sulfide to accumulate slowly to the
point where it becomes toxic, triggering sudden seagrass degradation. At some point, the
die-off then becomes enhanced by the disruption of the mutualistic feedback, sending the
system back into cyclic collapse and recovery dynamics (Figure 4.1C).
A more thorough analysis of seagrass mortality mn in a bifurcation analysis reveals
that without mutualistic interaction the system displays limit cycles over the full parameter range to the point where the mortality rate exceeds the growth rate (Figure 4.2A). In
contrast, bifurcation analysis of the model with the mutualism reveals a stable system
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Figure 4.1 Model simulations of seagrass density Z (shoots m-2), sulfide concentrations S (µmol
L-1), organic matter OM (%) and Loripes density L (ind. m-2) (A-C). (A) Model simulations at default
setting without mutualistic interaction displayed short cyclic (unstable) behaviour due to a negative
feedback as a result of organic matter accumulation and sulfide toxicity. (B) When adding the mutualistic interaction, any produced sulfide is removed and oscillations disappear. (C) A minor increase
(from mn = 0.007 to mn = 0.011) of seagrass background mortality, however, causes slow-fast
cycles in which the mutualism temporarily buffer against sulfide toxicity, but is not able to remove
all sulfide produced, eventually causing seagrass collapse. Recovery occur when organic matter and
sulfide have disappeared from the system.
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Figure 4.2 Bifurcation analysis (A) without mutualism, (B) with mutualism and (C) duration of the
cycles. (A) The analysis shows that the system without mutualism the system is unstable with cyclic
behaviour over the full parameter range. (B) The system with mutualism is stable at default settings,
but displays cyclic behaviour after a subtle increase of mortality. (C) Although both systems display
cyclic behaviour beyond mn = 0.011, cycle periods of the model with mutualism are much longer
compared to the model without mutualism due to the stabilizing effect of the mutualism. Grey line
depicts results without mutualism, black line shows outcomes from the model with mutualism.

when seagrass mortality rates remain between 0 and 0.01 day -1 (Figure 4.2B). Moreover,
even though the system collapses into cycles again beyond mn = 0.01, the characteristics
of these cycles clearly differ from those observed in the system without the mutualism:
even though sulfide production eventually outpaces sulfide removal by Loripes when
mn > 0.01, collapse of the system is nevertheless dramatically postponed due the buffering effect of sulfide removal. This effect is clearly visible when comparing figures 4.1A
and 4.1B, and causes much longer cycles in the model with mutualism over the full range
of the bifurcation analyses (Figure 4.2C).
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Potential analysis on the simulation data from the model without mutualism demonstrated a highly variable, but unimodal shoot density due to the presence of limit cycles
with short periods (Figure 4.3A). Overall, low shoot density values are more abundant
relative to high values due to the sharp peaks in the cycles (Figure 4.1A), causing the
potential analysis to identify a single attractor at low shoot densities in the system. Very
different dynamics are found in the simulation data from the model with mutualism. The
potential analysis finds a single stable attractor in when mortality is low (i.e. mn < 0.01
day -1). Here, the mutualistic interaction keeps the system in one state with high shoot
densities at carrying capacity (8000 ±1200 shoots m-2 (mean±SD)) (Figure 4.3B). However, when mn is increased beyond 0.01 day -1 and the system displays cycles (Figure
4.2B), the potential analysis identifies two main attractors: one at high and one at very
low shoot densities. In contrast to the model without mutualism, the analysis identified
two attractors here because the cycles stay in both a high and low state for a relatively
long time compared to intermediate shoot densities due to the buffering effect of the
mutualism (Figure 4.1C).

seagrass (shoots m-2)

10000

A

B

8000
6000
4000
2000
0
0.00

0.05

0.10

0.15 0.00

0.05

0.10

0.15

seagrass mortality (day-1)

Figure 4.3 Potential analysis of the simulated seagrass data (A) without mutualism and (B) with
mutualism in relation to seagrass mortality (mn ). Dark and light shades depict shoot density ranges
of high and low occurrence, respectively; closed and open markers depict ‘attractors’ (peaks in
occurrence) and ‘repellors’ (lows in occurrence) that are automatically identified by the analysis
0.0025 day-1 mortality mn step size.

FIELD DATA RESULTS
NDVI analysis on temporal dynamics and spatial heterogeneity of sea grass cover revealed
a rather stable period in seagrass cover between 2007 and 2011 after which a 44%
decline followed between 2011 and 2013 (Figure 4.4A-D) which was found to be associated with drought-induced enhanced desiccation stress and disruption of the mutualistic
feedback (chapter 3). The frequency distribution of NDVI showed a significant bimodal
distribution for 2011 (P < 0.001), but this was not detected in 2007, 2009 and 2013
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Figure 4.4 (A-D) NVDI in our study area (Banc d’Arguin, Mauritania) from 2007 to 2013 as calculated from Landsat imagery at low tide. (E-H) Frequency distribution of NDVI data and (I-L) the
potential analyses of the NDVI data, dark and light shades depict NDVI ranges of high and low
occurrence, respectively; closed and open markers depict ‘attractors’ (peaks in occurrence) and
‘repellors’ (lows in occurrence) that are automatically identified by the analysis per 0.1-m elevation
interval. Figures A-D and I-L were adapted from (chapter 3).
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(P = 0.5) (Figure 4.4E-H). This bimodality suggests a feedback-mediated sudden shift
rather than a gradual response. This was supported by the potential analysis of the NDVI
data. Similar to the results from our model with mutualism at low mortality levels (i.e.
where the system is stable), analyses on maps of 2007 and 2009 revealed one point of
attraction that decreased with increasing elevation, suggesting that desiccation was an
important factor causing lower seagrass cover in areas of higher elevation and exposure
times (Figure 4.4 I-J). During the drought event in 2011, the analysis identifies two
attractors at intermediate elevations (–0.4 to 0 m MWL), indicating that areas with high
seagrass cover shifted to a degrading state (Figure 4.4K). Furthermore, the higher attractor decreases with increasing elevation, again indication that seagrass cover is related to
desiccation. In 2013 most areas at intermediate elevations had transitioned from a high
seagrass cover state to a degraded state as only the lower attractor was stable above –0.4
m MWL (Figure 4.4L).

DISCUSSION
Mutualisms, due to their very nature, create a positive feedback between the species
involved, and these feedbacks have been hypothesized to stabilize communities and
ecosystems, especially if the mutualistic interaction involves a foundation species structuring the ecosystem (Stachowicz 2001). In this study, we demonstrate how a mutualismdriven positive feedback buffers a negative feedback imposed by the foundation species
upon itself, thereby stabilizing the ecosystem in a seagrass-dominated state. More specifically, simulations from our empirically calibrated model predict that in absence of the
mutualism, anaerobic decomposition of organic matter accumulated by seagrass itself
leads to limit cycles due to excessive production of toxic sulfide. By contrast, in the presence of the seagrass-bivalve-bacteria mutualism, sulfide toxicity is alleviated because sulfide is consumed by the lucinid bivalve-bacteria consortium, thereby stabilizing the
ecosystem under default conditions.
Our model analyses, however, also reveals an important inherent risk of mutualismdependency: if the mutualism is weakened due to enhanced environmental stress – in our
model simulated by enhanced natural seagrass mortality – the sulphide-buffering capacity
of the mutualistic feedback can be exceeded, resulting in ecosystem collapse. Potential
analyses on simulation results from the model with mutualism identified a single stable
attractor at high shoot densities at default parameter settings. Here, any produced sulphide is immediately removed by the seagrass-lucinid mutualism. However, when mortality was enhanced beyond a certain threshold, a second attractor at low shoot densities
was identified. In addition, the analysis predicts that seagrass shoot density for the highest attractor (i.e. seagrass-dominated state) gradually decreases with increasing mortality.
These findings were very similar to results we obtained from the potential analyses on the
field data. In periods with low desiccation stress (i.e. 2007 and 2009)(see for details
chapter 3), only a single attractor a high NDVI was stable and gradually decreased within
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increasing elevation. During the 2011-drought, however, a second low-NDVI attractor
was identified, suggesting a feedback-mediated shift towards the degraded state observed
in 2013. Such ecosystem dynamics following gradual environmental change or perturbations of strong positive feedbacks have been described for a wide range of ecosystems
(Scheffer et al. 2001, van der Heide et al. 2007). For example, shallow lakes under excessive nutrient loading switch from clear to a turbid state (Scheffer et al. 1993) and climate
change-related shifts in plant-pollinator disruptions (Potts et al. 2010, Burkle et al. 2013);
the expelling of zooxanthelae by corals leading to ‘coral bleaching events’ (Loya et al.
2001, Hoegh-Guldberg et al. 2007).
In many ecosystems, strong positive feedbacks can cause alternative states (i.e. bistability), implying that through gradually changing environmental conditions or a perturbation, a critical threshold can be crossed, causing a shift to an alternative state. If conditions subsequently improve, they have to progress beyond the point of collapse, before
recovery to the initial state can take place, a phenomenon called hysteresis. In seagrass
meadows, such hysteresis can for instance occur at high water column ammonia loading,
as ammonia toxicity can only be alleviated through joint uptake and detoxification of
ammonia by ample seagrass meadows of high density (van der Heide et al. 2008, van der
Heide et al. 2010b). In our study system, however, the mutualistic feedback does not
appear to lead to alternative stable states dynamics, but instead causes the occurrence of
so-called “slow-fast” cycles. The dynamics of our model are similar to what was advanced
as a potential explanation for cyclic shifts in shallow lakes where accumulation of phosphorus creates a “time bomb-effect” due to slow internal eutrophication (van Nes et al.
2007). In our system, the mutualism initially buffers sulfide production, but excessive
organic matter accumulation (the “time bomb”) by seagrass at higher background mortality (mn) causes sulfide production to gradually increase and eventually outpace and overwhelm sulfide consumption by the mutualism, causing an abrupt shift to a bare state.
Following the shift, however, organic matter is slowly exported from the system again, by
erosion (the seagrass does not retain it anymore), followed by a period where seagrass
can re-establish once organic matter and sulfide production drop below a certain threshold. This effectively causes slow-fast dynamics characterized by states that are persistent
for long times, either seagrass or bare, with fast shifts (collapse and recovery) in between
(Rinaldi and Scheffer 2000, van Nes et al. 2007, Dakos et al. 2015).
Interestingly, our model predictions reveal that such slow-fast dynamics can create
patterns (i.e. bimodality) that are very similar or equal to the signature of alternative
stable states in a potential analysis. So far, bimodality (multiple peaks in the frequency
distribution) in potential analyses has mainly been attributed to the potential existence of
multiple stable states (Hirota et al. 2011; Scheffer et al. 2012; van Nes et al. 2014). Our
results, however, suggest that caution is warranted when interpreting multimodality in
potential analysis or bimodal frequency distributions, as multiple types of ecosystem dynamics (albeit all typically feedback-driven) may cause similar patterns in these analyses. As
there are multiple examples of ecosystems with a potential for slow-fast dynamics (Barkai
and McQuaid 1988; Dakos et al. 2015; Ludwig et al. 1978; Rinaldi and Muratori 1992a;
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Rinaldi and Muratori 1992b; van Nes et al. 2007), our finding stresses the need for sufficient mechanistic insights when interpreting proxies or indicators for feedback-driven
dynamics (e.g. van der Heide et al. 2010a, van der Heide et al. 2012a, Weerman et al.
2012).
As current global climatic changes lead to increased average temperatures as well as
an increase in the number of extreme events, it seems likely that stress events will become
a more common phenomenon (IPCC 2014). This is especially the case in the tropics
where high temperatures in combination with strong winds can cause desiccation events,
particularly during neap tides with prolonged low tide exposure (van Lent et al. 1991,
Seddon et al. 2000). Indeed, our study combined with earlier work (Seddon et al. 2000,
Massa et al. 2009, chapter 3) suggests that desiccation stress is an important stressor that
can initiate ecosystem degradation. For Africa predictions suggest that the average temperature will increase by 3–4ºC in the next 100 years (Christensen et al. 2007, Cook and
Vizy 2015). Indeed, in our study area average temperature has increased by 0.06ºC per
year between 1996 and 2013 (P = 0.014, R2 = 0.32; Appendix Figure A4.3) for the
hottest months (August-October, data from Nouadhibou weather station; www.tutiempo.
net). Apart from temperature increase, however, there are also other climate change
related effects (e.g. sea-level rise, eutrophication and siltation events) that may affect seagrass meadows (Orth et al. 2006). For example, one may expect sea-level rise to mitigate
the enhanced risk of desiccation stress. Still, apart from increased mean sea level, the
tidal variation around the mean will also increase (Short and Neckles 1999), potentially
enhancing low-tide exposure time and desiccation stress. Also, major Sahara-born dust
storms may cause excess sedimentation promoting seagrass mortality. Apart from seagrass
meadows, many other coastal systems also depend on mutualisms (e.g. coral reefs, salt
marches and mangroves) and have declined rapidly (Jackson et al. 2001, Waycott et al.
2009). As climate change-induced mutualism breakdown is likely to become more common in the future (Kiers et al. 2010), we suggest that a more mechanistic insight into
these dynamics is required and that marine mutualisms should be considered as important conservation and restoration targets.
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APPENDIX A4
Table A4.1 Landsat images used for elevation map and calculation of NDVI. Digital elevation
map was based on 9 Landsat images with different tide levels. Contour lines of the water edge were
manually derived from a false color image composite using Landsat SWIR, NIR and Green bands
and combined into a new map.
Landsat image

sea level

time acquisition

1973-02-22 LS1MSS

-1.3

11:01:40

2001-12-18 LS7ETM

-1

11:20:55

2011-09-17 LS5TM

-0.95

11:20:31

2010-07-28 LS5TM

-0.58

11:22:29

2011-01-04 LS5TM

-0.3

11:21:58

2014-03-17 LC8

-0.4

11:32:31

2014-03-01 LC8

-0.2

11:32:40

2011-07-15 LS5TM

0.1

11:21:11

2011-06-13 LS5TM

0.2

11:21:24

Table A4.2 Landsat images used for the GIS analyses to calculate NDVI. Suitable (i.e. regarding
season, low tide, haziness) Landsat images used for the GIS analyses.
Image

date

time

Mapping

Landsat 5

15-Sep-2007

11:18:58

Landsat 5

11-Sep-2009

11:21:45

NDVI (baseline map)

Landsat 5

17-Sep-2011

11:20:31

NDVI

Landsat 8

24-Oct-2013

11:33:49

NDVI

NDVI

SUPPLEMENTARY TEXT ON MODEL PARAMETER ESTIMATION
Derivation of maximum seagrass mortality due to sulfide toxicity
We derived the maximum seagrass sulfide mortality ms using a modified version of equation 1 in which we set the Hill-response curve to 1 (see main text). We used default values
derived from the literature for all other parameters (table 4.1, see main text). Next, ms
was estimated at 0.5 day-1 where the maximum seagrass mortality was reduced by 80%
after 6 days (Holmer and Bondgaard 2001).
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Mortality response of Z. noltii to sulfide
To estimate the toxicity effect of Z. noltii we parametrized the Hill-curve (equation 2, see
main text) using experimental data from literature (van der Heide et al. 2012b, Govers et
al. 2014)
1.0

mortality

0.8
0.6
0.4
0.2
0.0
0

500

1000

1500

sulfide concentration (µmol L-1)

Figure A4.1 (A) Parc National du Banc d’Arguin (PNBA) in Mauritania, West-Africa with intertidal
Mortality response curve of Z. noltii to sulfide derived from literature. At 200 µmol L-1 there is a
reduction of 25% and at 1000 µmol L-1 there is a 100% reduction in seagrass biomass (van der Heide
et al. 2012b, Govers et al. 2014).

Estimation of conversion factor Com relating percentage organic matter to
sulfide production
Method – To investigate sediment pore water sulfide production in seagrass meadows in
our study system, we conducted a laboratory experiment in our field station at Banc d’Arguin. We measured pore water sulfide production by filling 500 ml bottles anaerobically
collected sediment (including seagrass detritus) from a healthy seagrass meadow (6770
shoots m-2 and 309.5 dry mass gram m-2) (J. de Fouw, L. L. Govers and T. van der Heide
unpub. data). Sediment was extracted from the upper 5 cm of the seagrass sediment
layer in the field by using a Teflon tube (5 mm inner diameter) connected to vacuum 500
ml bottles and connected to a vacuum pump. In the laboratory, bottles (n = 7) were
wrapped in aluminium foil and incubated in water for three days at an average temperature of 26.8°C. Pore water sulfide concentrations were measured daily by collecting pore
water samples in 60-ml vacuumed syringes connected to 5-cm rhizon samplers
(Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands) (van der Heide et al.
2012b) that had been inserted into the bottles through an airtight rubber seal. The total
dissolved sulfide concentration in the pore water was measured immediately after sampling, in a mixture of 50% sample and 50% Sulfide Anti-Oxidation Buffer (SAOB) using
an ion-specific silver-sulfide electrode (Lamers et al. 1998). In addition, we measured sediment organic matter in the upper 5 cm of the sediment in the field. Sediment samples
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were taken with a small tube (10 ml), weighed immediately after collection and frozen
(–10°C). Samples were freeze-dried in the laboratory, after which we determined organic
matter as loss on ignition (LOI; 5 hrs at 560°C).
Result – Based on the organic matter content in the 10 ml tube we calculated the organic
matter content for the top 5 cm per m-2. The tube contained 0.704 g ml-1 of sediment dry
mass containing 7% organic matter (OM), which is: 0.049 g organic matter ml-1. Hence,
the top 5 cm of a healthy seagrass beds contains than 2464 g organic matter m-2 (0.049
× 50 L × 1000). To estimate conversion factor Com relating organic matter to sulfide
production, organic matter was converted to shoots m-2, by dividing 2464 by the biomass
of a single shoot (0.045 g). This comes down to an organic matter equivalent of 54000
dead shoots m-2. In this rich organic matter sediment sulfide concentration increased on
average with 686.6 µmol L-1 day-1. Hence, the sulfide conversion factor Com was estimated at 686.6/54000 = 0.01 µmol L-1 shoots day-1 m-2.
Conversion factor Cs relating loss of sulfide by uptake
Method – To investigate the sulfide uptake by Loripes, we conducted an experiment in
the field station at Banc d’Arguin. Loripes for the experiment were collected from the seagrass meadows at Abelgh Eiznaya (19°53.54' N, 16°18.85' W). The lower 6-cm tall sections of 8 two-compartment PVC columns (diameter 8.4 cm) were filled with seawater
(figure A4.2; after van der Heide et al. 2012b). These 330-ml sections contained an injection tube and were separated from their upper compartments through a porous 0.1-mm
membrane. Upper compartments were filled with sieved (1-mm mesh) iron-free silver
sand to prevent formation and precipitation of iron-sulfides. Next, we placed five Loripes
(7.44 ± 0.58 mm (mean ± SD) per column (900 ind. m-2) were added on top of the sedi-
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Figure A4.2 Sulfide loss by uptake of Loripes and schematic drawing of the setup of an experimental
unit. Sulfide was injected every three days in the and allowed to diffuse from the lower compartment
into the upper section through a 0.1-mm porous membrane. Parameter Cs was estimated based on
injection of 500 and 1000 µmol L-1 sulfide at t = 0, black line and dashed line respectively.
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ment surface, which subsequently buried themselves into the sediment. The columns
were placed in plastic basins (57.0 × 39.0 × 30.0 cm) with seawater where water flow
and oxygen saturation were maintained with a pump. Salinity and pH where kept constant by adding fresh water and seawater when needed (measured with a 556 Multi
Parameter Sampler, Yellow Springs Instruments). Sulfide was added every third day by
injecting a 100 µmol L-1 Na2S solution (set at pH 7.5 with HCl) into the lower compartment, 500 and 1000 µmol L-1 respectively (1.5 and 3.0 ml). Prior to injection, pore water
was sampled from the upper compartment using pre-inserted 5-cm rhizons and measured
following the procedure above (see Estimation of Com).
Result – Sulfide uptake by Loripes Cs was estimated at –0.0027 m2 day-1 ind-1 using a
non-linear model: Sti = St0 × eCs×L×day (Figure A4.2). Here, L is the Loripes density (900
ind. m-2), St0 is the sulfide concentration after injection, and Sti is the sulfide concentration at day i - we tested 500 and 1000 µmol L-1 respectively (see Figure A4.2).
Loss of sulfide due to chemical oxidation and loss water layer
Apart from sulfide uptake by Loripes there is a constant loss of sulfide due to chemical
oxidation and diffusion to the water layer. We derived this constant loss of sulfide using a
modified version of equation 3 in which we assumed no sulfide uptake by Loripes:
dS/dt = Com · OM – es · S
where S is de maximum sulfide concentration (2,000 µmol L-1) in healthy seagrass with a
sediment organic matter of 7% (see Estimation of Com). Sulfide loss es was estimated at
0.25 day-1.
Estimation of conversion factor Cz shoots to relating percentage organic matter
Organic matter is expressed in percentage therefore we need to convert f(mZ), the function describing seagrass mortality, to percentage. To calculate the conversion factor Cz we
assed the maximum organic matter content in healthy seagrass, by dividing 7% organic
matter by 54,000 shoots m-2 (see details on numbers Com) and was estimated at
0.129×10-4 µmol L-1 % -1 day-1.
Loss of organic matter due decomposition and export
We assume a constant loss of organic matter em from the system due to decomposition
and export. This parameter was derived by isolating equation 4 (see main text), assuming
again a maximum sediment organic matter of 7% for a healthy seagrass bed (with an
equivalent of 54.000 shoots m-2, see calculation for Com) and using only natural seagrass
mortality rate mn as a source of input. Next, daily loss of organic matter em was estimated
to be 0.001 day-1.
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Temperature increase Mauritania 1996–2013
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Figure A4.3 Average temperature in Banc d’Arguin between 1996 and 2013. Significant increase in
average temperature of 0.06ºC per year (P = 0.014, R2 = 0.32) for the hottest months August-October. Data from Nouadhibou weather station: www.tutiempo.net.
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Red knot diet reconstruction revisited:
Context dependence revealed by experiments
at Banc d’Arguin, Mauritania
Joeroen Onrust, Jimmy de Fouw, Thomas Oudman,
Matthijs van der Geest, Theunis Piersma and Jan A. van Gils

ABSTRACT
The aim of the study was to explore whether the method to reconstruct Red knot
diet described by Dekinga & Piersma (1993) accurately predicts the diet of Red
knots Calidris canutus canutus outside Northwest Europe, at Banc d’Arguin, Mauritania. We conducted feeding experiments with captive Red knots on the bivalves
Dosinia isocardia or Loripes lucinalis diets were carried out at Banc d’Arguin, the
main wintering area of Red knot subspecies C. c. canutus. Ingested diets were compared with the reconstructed diets derived from the general method developed by
Dekinga & Piersma (1993). Furthermore, to evaluate the calibrated method from
this study, droppings collected over multiple years were analysed. Of the total
ingested shell mass (DMshell), in both bivalves approximately 65% of the shell mass
was retrieved in the droppings (DMdrop). Therefore, dry mass of droppings in the
field (DMdrop) has to be multiplied by 1.547 to calculate the ingested dry mass
(DMshell). For size estimations of ingested shells from droppings, hinges should be
used for Dosinia and hinges including tops for Loripes. The correction factor of
1.547 found here is 50% larger than the factor 0.993 for heterodont bivalves from
Europe established by Dekinga & Piersma (1993). Application of the published factor would lead to serious underestimation of energy intake rates based on dropping
frequencies and dropping content (by as much as 35%), although it would have
small effects on the relative species composition of the diet. Having shown that
such correction factors could differ among sites and preys we recommend their
determination in new ecological contexts.

CHAPTER 5

INTRODUCTION
The diet of an animal is of wide interest, as it reveals the position of a consumer in a food
web (Sheppard and Harwood 2005). One way to estimate diet composition is to reconstruct it from faeces, a method that is widely applied to a variety of animals, especially
when the studied animals are endangered or vulnerable to disturbance (Price et al. 2005,
McFadden et al. 2006) when their prey are hard to identify by remote observations
(Scheiffarth 2001, Lee and Severinghaus 2004), or when the animals are just too elusive
to directly observe their feeding behaviour (Chame 2003, Sheppard and Harwood 2005).
When recognizable prey fragments can be found in faeces, their relative abundance in the
faeces may reflect what is actually consumed (Putman 1984, Dekinga and Piersma 1993,
Hammill et al. 2005). However, digestion processes can alter prey structures to such an
extent that faecal analysis can give a biased reconstruction of the diet (Jenni et al. 1990,
Bowen 2000, Jarman et al. 2002). Calibration studies can correct for such estimation
problems (Dekinga and Piersma 1993). Nowadays, modern techniques like genetic markers and stable isotope analysis can help to overcome part of these problems (Kohn and
Wayne 1997, Fedriani and Kohn 2001, Bradley et al. 2007, Oehm et al. 2011). However,
these techniques are even more time consuming and more expensive than the relatively
simple analysis of hard parts of prey retrieved from faeces (Barrett et al. 2007).
One of the better studied bird species in terms of their diet in a wide range of field
contexts is the Red knot (Calidris canutus)(Piersma and Van Gils 2011, Piersma 2012). It
can be observed and counted with ease while foraging in open and accessible habitats.
Being molluscivore specialists, Red knots migrate from their tundra breeding grounds
along intertidal soft sediment habitats where molluscs are available (Piersma 2007).
These hard-shelled prey are swallowed whole and crushed in their muscular gizzard
(Piersma et al. 1993). This large organ is rapidly adjusted in size when there are shifts in
the hardness of the food ingested (Dekinga et al. 2001, van Gils et al. 2006). As maintaining a large gizzard is energetically costly, prey types with a high flesh-to-shell ratio are
preferred by energy maximizing Red knots (van Gils et al. 2005b).
The intertidal mudflats of Banc d’Arguin, Mauritania, northwest Africa, are the main
wintering sites of Red knot’ subspecies Calidris canutus canutus (Piersma and Davidson
1992, Leyrer et al. 2012). Here, two bivalves species Loripes lucinalis (Mollusca, Bivalvia,
hereafter Loripes) and Dosinia isocardia (Mollusca, Bivalvia, hereafter Dosinia) are numerically the most abundant prey species, making up 69% of all molluscs (Honkoop et al.
2008) (Honkoop et al. 2008), and form the main species in the diet of Red knots at Banc
d’Arguin (van Gils et al. 2012, van Gils et al. 2013).
Van den Hout (2010) reconstructed the diet of Red knots in Banc d’Arguin by estimating ingested shell mass from sieved dropping mass using the equations of Dekinga &
Piersma (1993), who carried out a calibration study for Red knots feeding in Northwest
Europe. Although Dekinga & Piersma (1993) stated that these equations would likely be
globally applicable for heterodont bivalves, this remained to be tested. Shell thickness
and resistance to crushing varies among species of molluscs (Cabral and Jorge 2007) and
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even among seasons (Nagarajan et al. 2006). As Dosinia and especially Loripes are thinshelled prey that can be crushed easily (Yang et al. 2013), we were concerned that a large
fraction of shell mass in droppings is lost in the sieving process given the fixed mesh of
300-µm used by Dekinga & Piersma (1993). We expect this fraction to be larger than the
fractions found by Dekinga & Piersma (1993) for more thick-shelled prey from the Wadden Sea.
This methodological study aims to reconstruct diet of Red knots in Banc d’Arguin by
using the method outlined by Dekinga & Piersma (1993), but calibrated for Banc d’Arguin prey items. This calibration study consists of three steps:
1. Calculation of DMdrop /DMshell ratio to arrive at the correction factor for calculating
total ingested sieved dry shell mas (DMshell) from dry sieved shell mass of the
droppings (DMdrop).
2. Reconstruction of ingested shell size distributions.
3. Calculation of α, the species-specific flesh-to-shell mass ratio, which is needed for
the calculation of diet composition in terms of ingested biomass.
Captive Red knots were given either Loripes or Dosinia. The offered and left-over prey
were used to determine the ingested diet, which was compared with the excreted amount
of shell fragments in the droppings. Diet reconstructions on the basis of the newly derived
factors were then compared with diets reconstructed from the equations presented by
Dekinga & Piersma (1993). For an evaluation of the implications of our study, droppings
collected in the field in three consecutive years (2007–2009) in Banc d’Arguin were used
for diet reconstruction and our results were compared to results obtained by using the
method of Dekinga & Piersma (1993).

METHODS
Experiments: Banc d’Arguin, Mauritania
The study was conducted at the Iwik field station (19°52.42'N, 16°18.50'W) in the Parc
National du Banc d’Arguin, Mauritania, between 10 Jan and 2 Feb 2011. Six Red knots
were caught with mist nets near a roosting site approximately 2.5 km from the field station. The flock consisted of three 2nd c.y. birds and three > 2nd c.y. birds (based on their
plumage). Average bill length of these birds was 34.6 mm (range 30.3 – 38.0 mm) and
average body mass just after catching was 115.5 g (range 96 – 127 g). Every morning
each bird was weighed and its health status assessed. Daily food supply was adjusted to
keep body mass just above the lean body mass of ca. 100 g for the birds to keep their
motivation to feed during the experiments. Between experimental trials the birds were
kept together in a small indoor aviary (150 × 100 × 50 cm) with a layer of beach sand
on the ground and ad libitum fresh water. Staple food consisted of high-quality unshelled
Senilia senilis flesh pieces (a large and very common bivalve in Banc d’Arguin) and commercial trout feed (TrouVit; Produits Trouw, Vervins, France).
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A total of 48 trials were carried out: 24 with Dosinia-diet and 24 with Loripes-diet that
were equally divided over six birds and over twelve days. During daytime the birds were
placed in an experimental unit (150 × 100 × 50 cm) that was subdivided with transparent panels into six compartments of 50 × 50 cm, each of which held a single bird. To prevent droppings being trampled by the birds, the ground surface consisted of plasticized
wire mesh (10 × 10 mm) placed one cm above the bottom of the experimental unit.
Droppings fell through the mesh and were collected after the trial and stored in the
freezer per trial before analysis in the laboratory at NIOZ, the Netherlands. During the
night before the trials, only shellfish meat was offered (no shelled prey items) to be sure
that no fragments of former diets remained in the digestive tract. Observations on droppings produced just prior to the trials indeed did not contain shell fragments. Furthermore, to ensure that the birds ate eagerly during the trials, no staple food was offered for
at least six hours before the start. In each trial a single prey type was offered unburied
and ad libitum, covering the ingestible size spectrum. After six hours all leftover prey
items were removed and the birds had four hours to empty their guts, which ensured that
all shell material was excreted (following Dekinga & Piersma 1993).
Dosinia was collected at the beach just east of the field station and Loripes at the seagrass beds of Abelgh Eiznaya (2 km NW from field station). Both species were collected
with a sieve (2-mm mesh) on the day before the trials and kept overnight in the refrigerator to prevent loss of body mass and to keep them in good condition. In order to reconstruct the consumed size distributions, samples of prey offered and leftover were taken
(see below for details, laboratory analysis).
Laboratory analysis
Dekinga & Piersma (1993) emphasized that a calibration for measurable prey fragments
in faeces that are allometrically related to prey size and prey size-biomass relationships
still has to be made for other prey species at other locations. Shell lengths of ingested
molluscs can be reconstructed from measurable fragments such as hinges for bivalves and
the width of the last whorl for snails. To reconstruct shell length by the use of hinges (the
parts of a shell where the two valves are joined) or hinge plus tops (a swelling above the
hinge line, also called umbo) 105 Dosinia and 106 Loripes shells were used. Figure 5.2
gives an illustration of hinges and hinge plus tops of Dosinia and Loripes. Hinges and
hinges plus tops of both valves were measured and the average of both valves was used
for the calibration curves to avoid pseudoreplication. Calibration curves were constructed
for Dosinia and Loripes based on 125 Dosinia specimens and 123 Loripes specimens collected across the experimental period. These were used also to determine the following
characteristics: shell length, dry shell mass (DMshell, after drying to constant mass for
three days at 55–60°C) and ash-free dry mass of the flesh (AFDMflesh, after incinerating
the dry flesh material overnight at 550°C).
Droppings (for collection details, see below) were washed and sieved over a 300-µm
mesh (standard mesh size for dropping analyses in the field to remove sand and dirt
(Dekinga and Piersma 1993). Residue (hereafter called dry mass of droppings; DMdrop)
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and filtrate were collected and after drying to constant mass for three days at 55– 60°C
both fractions were weighed to the nearest 0.1 mg. A subsample of DMdrop was weighted
and all hinges were counted in order to calculate the percentage of hinges retrieved in the
droppings. 50 measurable parts were randomly collected and measured by the same
observer (JO), using a binocular (Olympus SZ51) with eye-piece micrometer (WHSZ 10xH/22).
The size distribution of the offered and leftover (uneaten) prey were calculated by taking a random sample (range of sample sizes: 54 –140 and 4 –156 shells respectively) of
the total supply offered and leftover prey of which we measured shell length with callipers to nearest 0.01 mm. The subtraction of the leftover size distributions from the
offered distribution provided an estimation of the amounts of prey items consumed per
mm size class based on real prey sizes. Subsequently, calibration curves for shell length
(SL) against dry shell mass provided the dry shell masses. For equations see Table 5.1
Diet composition in terms of ingested biomass (i.e. ash-free dry mass of flesh AFDMflesh),
can be calculated from the total ingested dry shell mass by multiplying DMshell with α, the
species-specific flesh-to-shell mass ratio. However, flesh-to-shell mass ratios are sizedependent and taking into account the size distribution to calculate α generally improves
the estimated flesh mass (Dekinga and Piersma 1993). Therefore, we calculated α per
length class and used the weighted mean α across all length classes taking into account
the relative frequency of each length class in a trial.
Table 5.1 To convert shell length (SL, mm) into ash free dry mass of the flesh (AFDMflesh, g) and
dry mass of the shell (DMshell, g) the equations listed in this table were used. Data are obtained on
specimens collected during the experimental period between 10 Jan and 2 Feb 2011.
Species

Linear regression

R2

P-value

Loripes

AFDMflesh = 1.61E-05 * SL2.977

0.95

< 0.001

DMshell = 6.38E-05 * SL3.250

0.96

< 0.001

AFDMflesh = 1.48E-05 * SL2.777

0.95

< 0.001

DMshell = 3.69E-05 * SL2.625

0.96

< 0.001

Dosinia

Reconstructing diet from field droppings
The procedural steps and equations needed to quantify Dosinia and Loripes in the diet of
Red knots are listed in Table 5.2 A total of 51 dropping samples (representing a total of
2,179 droppings; mean = 60.5 droppings per sample, SD = 46.0) of Red knots in Banc
d’Arguin were collected at seven tidal flats distributed around the Iwik peninsula (a 50
km2 subsection of the Parc National du Banc d’ Arguin ) during four expeditions (spring
2007, autumn 2007, winter 2007/2008 and autumn 2009). Droppings were stored, dried
and sorted out as outlined above. To evaluate the significance of our study, diet reconstruction of these samples was done by two different methodologies: (1) the outcome of
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this study and (2) based on Dekinga & Piersma (1993). As no correction factors were calculated for other species than Loripes and Dosinia, the equations by Dekinga & Piersma
(1993) were used for gastropods and other bivalves (with correction factors of 1.267 and
0.994 respectively) to arrive at DMshell in the first methodology (obviously, in the second
methodology we used correction factor 0.994 also for Loripes and Dosinia).
Furthermore, we used these 51 dropping samples to calculate the energy value per
dropping. In avian diet studies, this value is multiplied with the dropping rate to estimate
energy intake rate (Bedard and Gauthier 1986, Dekinga and Piersma 1993, Piersma et al.
1994, Gonzalez et al. 1996). Hence, any estimation error in the energy value per dropping carries through in the calculation of energy intake rate.
Statistical analyses were performed using R (R Development Core Team 2014) and
graphs were produced using with SigmaPlot 12.0 for Windows (Systat Software Inc
2010).

Table 5.2 Summary of the procedures to arrive at an estimate of diet composition on the basis of
faeces from Red knots feeding on Loripes lucinalis and/or Dosinia isocardia. These equations are
applicable for droppings collected in Banc d’Arguin, Mauritania.
Setting

Procedure

Measured/estimated
parameters

Field

Collect a number of droppings in an area where Red knots
were foraging for 45 min or longer:

ndrop

Store droppings dry or frozen.
Laboratory

Dry the droppings to constant mass at 55–60°C.
Sort over 300-µm sieve to remove sand, dirt & smallest fragments.

Desk

Weigh the fraction retained on the sieve:

DMdrop

Manually sort the sieved fraction in fragments from different
prey species under binocular and weigh:

partial DMdrop

Measure identifiable fragments with ocular micrometer:

hinge plus top (HT; mm)

Compute prey size (distribution) and diet parameters:
Loripes: SL = 10.002 * HT0.950

shell length (SL; mm)

DMshell = 1.547 DMdrop

shell mass (DMshell)

AFDMflesh = DMshell * correct AFDMflesh/DMshell ratio (α)

flesh mass (AFDMflesh)

Dosinia: SL = 10.254 * H0.872

shell length (SL; mm)

DMshell = 1.547 DMdrop

shell mass (DMshell)

AFDMflesh = DMshell * correct AFDMflesh/DMshell ratio (α)

flesh mass (AFDMflesh)
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RESULTS
Reconstructing ingested dry shell mass from droppings
For both bivalve species, a significant fraction of the total ingested dry shell mass was lost
through the 300-µm mesh (Figure 5.1). A linear model showed no effect of species on
intercept or slope of the regressions of DMshell on DMdrop (t = –1.826, P = 0.07, df = 45).
Furthermore, the model without intercept was more parsimonious (R2 = 0.97, P < 0.001,
df = 47, AIC = 289.51) than the model with intercept (R2 = 0.90, P < 0.001, df = 46,
AIC = 289.91). We therefore estimated ingested dry shell mass from the dropping mass
retained on a 300-µm mesh by the equation. DMshell = 1.547 DMdrop (R2 = 0.97,
P < 0.001, df = 47), meaning that 65% of the shell mass retained, for both species
(Figure 5.1).
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Figure 5.1 Dry mass of droppings retained on 300-µm sieve (DMdrop) plotted against ingested dry
shell mass (DMshell) for Dosinia isocardia (filled dots) and Loripes lucinalis (open dots). Each data
point stands for a single trial. The regression for DMdrop = 0.646 DMshell (R2 = 0.97, P < 0.001,
df = 47, line) applies to both prey species.

Reconstructing size distribution by the use of hinges
Reconstruction of the size classes ingested by Red knots feeding on either Loripes or
Dosinia is based on the allometric relationship between heights of the hinge (H) or based
on the height of the hinge plus top (HT) and shell length (SL) of these bivalves. For
Loripes, measuring hinge and top together provided a slightly more reliable estimation of
the shell length than measuring hinge (H) alone (Figure 5.2; SL = 10.002 HT0.950, R2 =
0.84, P < 0.001, df = 105, AIC = –383.37 and SL = 14.807 H0.811, R2 = 0.79, P < 0.001,
df = 105, AIC = –354.67). Although for Dosinia, shell length was best estimated by
measuring hinge plus top (Figure 5.2; SL = 7.145 HT0.891, R2 = 0.90, P < 0.001, df = 103,
AIC = –391.421 and SL = 10.254 H0.872, R2 = 0.87, P < 0.001, df = 103, AIC = –359.56),
we will show that using hinges only provided a more reliable estimation of average reconstructed shell lengths (Figure 5.3) and reconstructed size distibutions (Figure 5.4). There83
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Figure 5.2 Shell length (SL; mm, measuring is shown in top left inset) from two bivalve species in
Banc d’Arguin, Mauritania, Dosinia isocardia (left panel) and Loripes lucinalis (right panel) as a
function of hinge (H; mm; open dots) and hinge plus top (HT; mm; filled dots) height. The inset in
the bottom-right corner represents a cross section of the bivalves’ measurable fragments with the
outer arrows emphasizing the hinge plus top and the inner arrows only the hinge. The double-logarithmic regression line shown is represented by the following equations: Loripes: SL = 10.002 *
HT0.950 (R2 = 0.84, P < 0.001, n = 106) and SL = 14.807 * H0.811 (R2 = 0.79, P < 0.001, n = 106)
and for Dosinia: SL = 7.145 * HT0.891 (R2 = 0.90, P < 0.001, n = 105) and SL = 10.254 * H0.872
(R2 = 0.87, P < 0.001, n =105).
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Figure 5.3 Average ingested shell length as function of average reconstructed shell length for Dosinia isocardia (left panel) and Loripes lucinalis (right panel) calculated by using hinges (open dots,
for Dosinia: R2 = 0.45, P < 0.001, df = 22 and for Loripes: R2 = 0.05, P = 0.30, df = 22) or using
hinges plus tops (filled dots, for Dosinia: R2 = 0.07, P = 0.11, df = 22 and for Loripes: R2 = 0.12,
P = 0.09, df = 22). Each dot denotes a single trial.
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fore, we recommend using hinge plus tops for Loripes and using hinges only for Dosinia,
as we will do throughout this paper. On average 24% (SD = 7%, range = 11– 38%) and
21% (SD = 4%, range = 14 –29%) of the measurable hinges were found intact in the
droppings for Dosinia and Loripes, respectively. Average ingested shell length per trial was
correctly predicted by average reconstructed shell length for both bivalve species when
using the correct species-specific measurable shell fragment (Figure 5.3). Based on hinges
(Dosinia) or hinge plus tops (Loripes) from faeces, the above-mentioned regression equations were used to predict the size distributions, which were compared with actual size
distribution being eaten (Figure 5.4). A Kolmogorov-Smirnov test did not show a significant difference between these distributions, for Dosinia: D = 0.22, P = 0.77 and for
Loripes: D = 0.25, P = 0.85.
Estimating diet with respect to biomass
For both Dosinia and Loripes there is a non-linear relationship between α and shell length
(Figure 5.5). Therefore, α has to be calculated per shell length class (i.e. length-specific
AFDMflesh divided by length-specific DMshell) before calculating a species’average (see
Table 5.1 for equations).
Diet reconstruction of Red knots in Banc d’Arguin
Relative contributions to ingested AFDMflesh were underestimated by 3% for Dosinia and
Loripes when using the calibration factors of Dekinga & Piersma (1993) (Figure 5.6A).
Although this is just a small underestimate, the difference is as large as 35% when the
energy value per dropping is calculated (Figure 5.6B).
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Figure 5.4 Shell length distributions of Dosinia isocardia (left panel) and Loripes lucinalis (right
panel) ingested by Red knots (histograms) and the shell length distribution reconstructed on the
basis of heights of hinges plus tops (lines with filled dots) and hinges (lines with open dots) of
Dosinia and Loripes respectively retrieved from their droppings. For each prey species, the plots
represent the cumulative data of 24 trials.
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Figure 5.5 Flesh-to-shell ratios (α) per length class with error bars (SE) for the two bivalve species
Dosinia isocardia (filled dots) and Loripes lucinalis (open dots). Non-linear regression lines are plotted for the data (For Dosinia: 0.040 + 0.007 ln(SL), R2 = 0.99, P < 0.001, df = 9 and for Loripes:
0.236 – 0.045 ln(SL), R2 = 0.99, P < 0.001, df =9).
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Figure 5.6 Seasonal diet changes in terms of AFDMflesh in Banc d’Arguin (‘other’ in diet refers to
other bivalves and gastropod species, where also measurable fragments from droppings could be
obtained from). Per season the diet composition is calculated by multiplying DMdrop with 0.994 for
bivalves or 1.267 for gastropods (from Dekinga & Piersma (1993), left bar per season) or 1.547 for
Dosinia isocardia and Loripes lucinalis (derived from this study, right bar). B. Energy value per dropping, expressed by using the Dekinga & Piersma correction factor (horizontal axis) and the factor
obtained in our study (vertical axis).
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DISCUSSION
This study outlines newly fitted equations to estimate diet composition, prey-size selection and energy intake rate based on droppings of Red knots feeding on Loripes lucinalis
or Dosinia isocardia in Banc d’Arguin. For both bivalve prey species about 65% of the total
ingested shell dry mass (DMshell) is retrieved in dry mass of the droppings (DMdrop) after
sieving. Thus, to calculate ingested DMshell for true diet compositions, DMdrop has to be
multiplied by 1.547, rather than by 0.994 found by Dekinga & Piersma (1993) and
claimed to be globally applicable for heterodont bivalves. Previous studies that reconstructed Red knot’s diet in Banc d’Arguin on the basis of the 0.994 factor (van den Hout
2010) slightly underestimated the contribution of Dosinia and Loripes to the diet (Figure
5.6A). Furthermore, future studies that would use the 0.994 factor would underestimate
energy intake rate from defecation rates by about 35% (Figure 5.6B).
The use of hinges only for Dosinia and hinges plus tops for Loripes in the method
described by Dekinga & Piersma (1993), provides a good estimation to reconstruct the
size distributions of Red knot diet (Figure 5.4), in spite of the fact that only a small fraction (24 % and 21% for Dosinia and Loripes respectively) of the total ingested hinges was
relocated. Dekinga & Piersma (1993) similarly found a low percentage of hinges in droppings produced after Red knots ate two species of Wadden Sea bivalves (45% for Macoma
balthica and 11–14% for Cerastoderma edule). Furthermore, just as in the bivalves studied
by Dekinga & Piersma (1993), no hinges of particular size classes were lost more than
other size classes, resulting in an unbiased reconstructed size distribution (Figure 5.4).
The size of the gizzard might influence the crushing capacity of the ingested shell
material and thus the measurable fragments in the faeces. As emphasized by many other
studies on the foraging ecology of Red knots, gizzard size is of great importance in diet
and patch choice (Piersma et al. 1993, Dekinga et al. 2001, van Gils et al. 2005a, van Gils
et al. 2005b, Van Gils et al. 2005c) and in the digestive process (Piersma et al. 2003, van
Gils et al. 2003). As gizzard size can be rapidly and reversibly adjusted to prey quality
(Dekinga et al. 2001, van Gils et al. 2003), gizzard sizes of our experimental birds might
have changed during the experiments resulting in changed size-class preferences or
reduced prey intake rates. It is not likely that gizzard sizes changed during the experimental period, as the birds were fed low-quality food (hard-shelled molluscs) every day and
thus needed to maintain a large gizzard. However, between experimental trials, birds
were fed with high-quality food, including unshelled Senilia senilis and commercial trout
feed to meet daily energy requirements (as we were unable to collect sufficient amount of
molluscs for staple food). Thus, they might have reduced their gizzard with the prospect
of high-quality food after the experiments. Nonetheless, intake rates did not change in the
course of the experimental period (Dosinia: linear regression, F = 0.466, P = 0.50, df =
21) and for Loripes: linear regression,F = 0.299, P = 0.59, df = 21). We therefore,
conclude that there are no indications that the experimental birds changed their gizzard
sizes during the feeding experiments in ways that would have affected their crushing performance.
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Morphologically similar shells may have different crystallographic structures (Chateigner
et al. 2000), affecting the degree that they would resist crushing. However, in the Wadden Sea Dekinga & Piersma (1993) did not find a significant effect of prey species on
either intercept or slope of the regressions of DMshell on DMdrop within the group of
bivalves. In Banc d’Arguin, we also found no significant difference between Dosinia and
Loripes. This suggests a site-specific correction factor instead of a species-specific correction factor. Distinctive shell resistance to crushing can be caused by different predation
regimes. Predators on bivalve molluscs, e.g. birds, fish and crabs (Carter 1968), can differ
in abundance at different locations. More predation will result in thicker shelled molluscs
(Edgell and Neufeld 2008). Shell thickness might also be attributed to latitudinal variation in water temperatures, either directly or indirectly. For example, (Doyle et al. 2010)
concluded that water temperature is indirectly responsible for shell thickness, as it facilitates the plastic phenotypic response to predation risk. Furthermore, ocean acidification
due to increasing sea temperatures can impact the crushing capacities of bivalves by
decreased calcification rates (Fabry et al. 2008, Rodolfo-Metalpa et al. 2011).
This is the first study showing that using the correction factors from Dekinga &
Piersma (1993) may lead to somewhat biased diet reconstructions for Red knots at Banc
d’Arguin. In Bohai Bay, China, Yang et al. (2013) carried out feeding experiments with
captive Red knots (subspecies C. c. rogersi & C. c. piersmai) as well to obtain a site-specific
correction factors. A large fraction of the locally most important prey (the bivalve Potamocorbula laevis) was lost through the sieve, resulting in a DMshell / DMdrop correction
factor of even 2.3. Consequently, previous studies that reconstructed Red knot’s diet based
on factors derived from Dekinga & Piersma (1993), at other geographical locations than
the Wadden Sea (e.g. Patagonia, Argentina (Gonzalez et al. 1996), Roebuck Bay, Australia
(Tulp and Degoeij 1994) and Miranda, New Zealand (Piersma 1991) may have to be reexamined.
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Structurally complex seagrass
obstructs the sixth sense of a specialized
avian molluscivore
Jimmy de Fouw, Tjisse van der Heide, Thomas Oudman,
Leo R. M. Maas, Theunis Piersma and Jan A. van Gils

ABSTRACT
Predators have evolved many different ways to detect hidden prey by advanced
sensory organs. However, in some environmental contexts sensory information
may be obscured. The relation between sensory organs, obstruction, and searching
efficiency remains little explored. In this study we experimentally examined the
ways in which a sensory system (‘remote detection’), which enables red knots
Calidris canutus to detect hard objects buried in wet soft sediments, is obstructed
by plants. At an important coastal nonbreeding site of this species, the Banc d’Arguin (Mauritania, West Africa), most of the intertidal foraging area is covered by
seagrass. The structurally complex networks of belowground roots and rhizomes
and aboveground seagrass may obstruct information on the presence of buried
bivalves and thus affect searching efficiency. Under aviary conditions we offered
red knots buried bivalves in either bare soft sediments or in seagrass patches and
measured prey encounter rates. In seagrass, red knots detected prey by direct touch
rather than remotely, the latter which we confirmed they do in bare sediment.
Physical modelling of the pressure field build-up around a probing bill showed that
within a layer of seagrass rhizomes, permeability is reduced to the extent that the
pressure field no longer reveals the presence of an object. In bare sediment, where
searching efficiency is constant, red knot intake rate levelled off with increasing
prey density (described by a so-called type II functional response). In the seagrass
beds, however, prey density increases with seagrass density and simultaneously
decreases searching efficiency, which will at some point lead to a decrease in intake
rate when prey densities increase (i.e. a type IV functional response).Clearly, prey
detection mechanisms dictate that the combined effects of prey density and habitat
complexity should be taken into account when predicting forager distributions and
habitat preference.
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INTRODUCTION
Insights into the morphology and functionality of sensory organs in animals have contributed to our basic understanding of habitat selection and foraging distribution of animals searching for prey (Miller and Surlykke 2001, Sleep and Brigham 2003, Cunningham et al. 2010, Piersma 2012). Predators have evolved multiple ways to detect their
prey other than by sight. For example, bats detect their prey in the dark by ultrasonic signalling (Schnitzler and Kalko 2001), owls use high acoustic sensitivity to detect their prey
by sound in the dark (Martin 1986) and cetacean species often use echolocation to detect
their prey in the water column (Madsen et al. 2004, Au et al. 2007). Using their sensitive
bill tip, shorebirds (Scolopacidae) have evolved a variety of ways to detect prey buried
out of sight in soft sediments, including smell, taste, detection of prey vibrations, direct
touch and even ‘remote detection’ (Hulscher 1982, Gerritsen and Meiboom 1986, Piersma
et al. 1998, Nebel et al. 2005).
In some environmental contexts, sensory information may be obscured. For example,
vegetation cover on the water surface obstructs echolocation-based prey detection in
insectivorous bats (Boonman et al. 1998), and underwater seagrass meadows may serve
as an acoustic refuge for fish from the echolocation sounding by dolphins (Wilson et al.
2013). Yet, the relation between sensory organs, obstruction, and searching efficiency
remains rather little explored (Piersma 2011). In this study we experimentally examined
whether seagrasses can obstruct prey detection by red knots Calidris canutus. Red knots
are highly specialized molluscivorous birds that usually forage on bivalves buried in the
soft sediments of intertidal mudflats (Piersma 2007, Piersma 2012). Red knots have a
sensory organ in the tip of the bill to detect hard-shelled prey buried in soft wet sediments without direct contact (Piersma et al. 1998). As is the case for other shorebirds, the
tip of the bill contains numerous tiny pits with clusters of Herbst corpuscles, which in red
knots enable the detection of self-induced pressure differences during repeated probing in
wet soft sediments. Using this form of ‘remote prey detection, red knots detect buried
prey faster and more efficiently than if they had to rely on direct touch (Piersma et al.
1995, Piersma et al. 1998). A similar mode of prey detection has been described for kiwis
(Apterygidae) and ibises (Threskiornithinae) (Cunningham et al. 2007, Cunningham et
al. 2009, Cunningham et al. 2010).
This model of prey detection is applicable to red knots foraging on hard-shelled prey
in bare soft sediments (Piersma et al. 1995, van Gils et al. 2006). However, at Banc d’Arguin (Mauritania, West Africa), the subspecies C. c. canutus mostly encounters and uses
seagrass habitats (Altenburg et al. 1982, van Gils et al. 2015). These habitats consist of
structurally complex networks of belowground roots, rhizomes and aboveground leaves
(Larkum et al. 2006). We hypothesize that searching efficiency, i.e. the standardized rate
at which foragers encounter their prey (Holling 1959), will be negatively influenced by
these structures, because the remote detection system requires unobstructed passage of
water between the sediment particles (Piersma et al. 1998). To test this idea, we measured searching efficiency in red knots by offering them buried prey either in bare sedi92
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ment or in seagrass-covered sediment. Here, the bare sediment treatment served as a
control to verify whether red knots where able to find prey remotely (Piersma et al.
1998). Additionally, we developed a model to show the obstructing effect of seagrass rhizomes on the pressure field build-up by the probing bill. We will briefly discuss the implications of this effect on the predicted relationship between prey density and intake rate
(i.e. the functional response).

METHODS
Birds
The experiment was conducted in January 2011 at the research station of the Parc
National du Banc d’Arguin, Mauritania, West Africa (19°53'N, 16°17'W). Six red knots
were caught with mist nets on a nearby shoreline high-tide roost and colour-ringed for
individual identification. All birds where successfully released after the experiments. Average bill length was 35.1 mm (range 33.6–37.0 mm) and body mass just after catching
was 129 g (range 118–144 g). Birds were kept as a group in a small aviary (2.0 × 0.6
and × 0.4 m high) with sand on the floor, freshwater ad libitum, and with local natural
day-light cycles and temperatures (varying between 18 and 24°C). Every morning, the
birds were weighed and their health status assessed. Birds were fed commercial trout feed
(Trouvit; Skretting, Stavanger, Norway) and live bivalves that were collected locally on a
daily basis. To keep birds motivated to feed during the trials, daily portions were adjusted
to keep body mass just above 100 g (e.g. Oudman et al. 2014, van Gils and Ahmedou
Salem 2015).
Experimental design
Feeding trials were conducted in the housing cage, in which a feeding patch (10 cm depth
and 15 cm radius) was created with either bare sediment or seagrass (Figure 6.1C-E).
Loripes lucinalis (8.5–10.5 mm length), the most common bivalve in our study area
(Honkoop et al. 2008), was used as prey. Per patch, either 20 or 40 prey items were
offered (283 and 566 ind. m-2). All prey were buried at a fixed depth at either 1, 2 or 3
cm. For practical reasons all trials of each combination were offered in the same patch in
which prey items were replaced after each trial. All density and depth combinations were
offered twice to each bird (although never on the same day). Densities and depth of
bivalve prey were well within the range reported for the field (Piersma et al. 1993, van
der Geest et al. 2011, van Gils et al. 2013, Ahmedou Salem et al. 2014, van Gils et al.
2015). Patches were filled with sand (mean medium grain size ± SE (n = 6): 248.0 ± 2.7
µm) collected at the nearby intertidal beach (19°53.026'N, 16°17.573'W). Penetrability of
the seawater-saturated sand was kept constant by adding seawater till 2 mm of water
remained on top of the surface.
Seagrass was collected on a tidal flat (19°53.051'N, 16°17.367'W) 500 m east of the
field station. Seagrass densities were within the range reported from the field (range:
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2,200–13,000 shoots m-2) (van Lent et al. 1991, Vermaat et al. 1993). A 15-cm high
sharpened PVC ring (15 cm radius) was pushed gently into the seagrass (mean shoot
density ± SE (n = 5): 8,842 ± 700 m-2). The ring with the seagrass bed was taken out.
Metal pins were pushed in horizontally from the side of the ring through the seagrass
rhizome mat forming a 2.5 × 2.5 cm mesh holding the seagrass mat intact. Next, the
sediment was carefully sieved out, a time-consuming process that was needed to remove
all prey living in the seagrass in order to be able to offer precise experimental prey densities. Eventually, a ‘clean’ intact seagrass mat (rhizomes, roots and leafs) remained in the
ring, which was then placed in a 15-cm radius, 10-cm high container, thereafter filled
with wet sand, after removing the metal pins. Next, a plastic rod with a scale was used to
insert prey in their natural position into the sediment at the aimed depth, at random spatial positions. The hole was filled and the sand was smoothened (Piersma et al. 1995,
Piersma et al. 1998).
After a trial ended, the remaining prey items were counted. We never noticed prey
movements or any other signs of their presence (i.e. the bivalves showing a siphon or
extending a foot). Each trial was conducted with one individual bird at a time, with each
bird being involved in at least one trial per day. Within each combination offered on a
given day, the order of the birds in the trials was randomly chosen by rolling a dice. The
five remaining birds were held in a separated part of the cage such that they were in vocal
and visual contact with the experimental bird. A trial stopped after six prey items were
encountered or after 15 minutes.
Searching efficiency and touch model
A digital video camera (CANON Powershot G9) recorded each trial. Timing of prey
encounters and ingestions were scored digitally with Etholog (Ottoni 2000), and the
recordings were played back in slow motion to confirm that we had not missed a prey
encounter. In a randomly-searching forager, the interval between two prey encounters,
search time (Ts), is inversely related to the product of searching efficiency (a) and current
prey density (D; initial prey density minus the number of prey removed (van Gils et al.
2003)):
1
= aD
Ts

(1)

which can be rewritten as:
log(Ts) = – log(a) – log(D)

(2)

In this relationship, a slope of -1 indicates random search, while the intercept, –log(a),
reflects the negative of searching efficiency (Piersma et al. 1995, van Gils and Piersma
2004). A searching efficiency that does not vary with prey density, together with a handling time that is constant across prey densities, leads to Holling’s type II functional
response (Holling 1959). In this well-known equation, the intake rate of a forager
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increases as a function of prey density, initially at a rate given by searching efficiency until
it levels off due to the handling time constraint. Hence, when red knots use remote prey
detection the functional response has a steeper slope than in comparison with direct
touch (Piersma et al. 1995).
To test to what extent red knots remotely detect buried prey, we compared the experimentally observed searching efficiency with the calculated searching efficiency based on a
direct touch model (see for details Hulscher 1982, Zwarts and Blomert 1992, Piersma et
al. 1995). We predicted a strong relation with prey depth for the observed searching efficiencies in seagrass, following the touch-model (Piersma et al. 1995). The touch-model
was determined with the touch area of the prey (surface projection of prey area), enlarged
by the surface area of the bill tip multiplied by the probe rate at each depth (1-cm
classes) (Appendix A6) (Zwarts and Blomert 1992). Probe rates were scored during five
time intervals (ca.10 s) for a selection of trials (all six birds equally distributed over the
two habitat-treatments and three prey depths, n = 36), by slowing down digital video
recordings (1/8th of the recording speed). Probe depth was measured five times in each
interval by freezing the digital video image at a probe’s maximum depth and using an
individual’s bill length as a reference.
Statistics
Average search- and handling times (each denoted by Yi ) were calculated for every trial,
with individual bird as random effect (birdi ):
log(Yi )= α + β1 prey depthi + β2 log (prey densityi) + habitati + birdi + εi
where εi ~ N(0, σ 2).
Search and handling times were log-transformed to meet model assumptions (when
Holling’s type II functional response holds then the predicted values for β2 are –1 and 0
for search time and handling time, respectively). We used a one-sample t-test for difference between observed- and the estimated (touch-model) searching efficiency. All statistical analyses were done in R (package nlme for mixed-effect models) (R Development
Core Team 2014).
The physical model
We developed a physical model to get mechanistic insight into how seagrass may obstruct
the remote detection of red knots (for mathematical descriptions see Box 6.1). Observations and experiments by Piersma et al. (1998) showed that knots are able to remotely
sense the presence of shells in wet bare sediment, and that their sensory capacity fails in
dry but also in very liquid mud. However, a belowground seagrass mat, consisting of a
network of roots and rhizomes, reduces the sediment layer's permeability. This may
reduce the effective porosity of the soil and obstructs the pressure field build-up by the
probing bill of red knots. We will consider first the response to a shell in a mud layer
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without rhizomes mat, qualitatively discussed in Piersma et al. (1998). Second, the
response to a shell buried in the lower layer containing the rhizomes mat.
The probing of the bill will produce pressure variations in wet sediment (pore-size
180 µm). Red knots rapidly probe in the sediment over a depth of about 0.5 to 1 cm, usually in series of five to 10 probes at a rate of about 6–9 Hz (Piersma et al. 1998). The
property of the medium at hand determines in what way it responds to pressure variations. In dry sediments it can either be supported by normal stresses (pressure) in the
rigid sediment structure, or be released instantaneously when it surpasses a certain
threshold. In fluids, on the other hand, the pressure cannot be built up, as it will immediately respond by means of flows and of waves on the water surface that will quickly
remove the added energy towards infinity (see Box 6.1). In wet sediment, however, there
is enough water in the pores to produce a flow through it driven by pressure differences.
But as the pores are tiny channels whose sides exert a drag on the flow along them, this
local increase in pressure needs time to relax and can be maintained for a while, which is
the property employed by the birds.
The classical description of flow through wet sediment is one in which the pressure
gradient is balanced by friction, proportional to the flow velocity. Because of the complexity of the sand skeleton this is necessarily an empirical relation, known as Darcy's law
(e.g. Sleath 1984). Since the fluid is nearly incompressible, this implies the pressure field
is governed by a Poisson equation (Lamb 1932) (see for details Box 6.1).
The knot's sense of remote prey detection involves repetitive, shallow probing, followed by a single deep probe in another direction, apparently used to build up of residual
pressure near the bill tip. Very likely, compaction is of dominating influence. This refers to
the continuous increase in residual pore pressure, owing to the ‘shaking’ of the muddy
sand by the probing action of the bill, which may lead to a (local) compaction of sediment
due to a rearrangement of sand grains in closer packing and an associated increase in pore
pressure. This process plays a dominant role in liquefaction and the formation of quick
sand (Sleath 1984). For red knots, the important aspects of this are that also the residual
(i.e. time-averaged) pressure pattern is affected by the presence of a shell and that this
pattern becomes increasingly `visible' due to its increase at each successive cycle of the
probing motion. Together with the directionality offered by the set of pressure sensors
(Herbst corpuscles), present over the whole circumference of the bill, this should offer the
knot the ability to sense both prey direction and distance (for details see Box 6.1).
For red knots, when foraging in seagrass, however, the permeability of the lower rhizomes layer will be less than that of the upper mud layer. This is due to the decrease in
the effective porosity of the sediment. We will assume that the rhizome root structure is
so small that we can represent its presence in the form of a reduced effective permeability
which will affect the radial pressure distribution discussed above. For simplicity, we
assume the permeability to be constant within the rhizome layer. Hence the pressure will
again be inversely proportional to radial distance, but with reduced ‘transmitted’ amplitude. In fact, the semi-permeable interface between the mud and rhizome layers acts as a
partial mirror. This will result in an augmented pressure field in the upper sediment layer.
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Ethical note
All possible efforts were made to minimize physical and mental impact on the experimental animals. Each bird was weighed and visually inspected for general condition daily. All
experimental animals were released in the wild in healthy condition after the experiment
with an average body mass of 147 g (range 136 –160 g) after two days of ad libitum food.
The experiment was performed under full permission by the authorities of the PNBA. No
animal experimentation ethics guidelines exist in Mauritania but the experiments were
performed in accordance with Dutch animal experimentation guidelines. The NIOZ Royal
Netherlands Institute for Sea Research has been licensed by the Dutch Ministry of Health
to perform animal experiments under licence number 80200.

RESULTS
Searching efficiency and Holling’s type II functional response
Search time decreased with increasing prey density with an estimated slope –0.947 (95%
confidence interval: lower –1.172; upper –0.722) which did not differ from –1 (i.e. random search), showing that searching efficiency was independent of prey density (Table
6.1). Likewise, handling time was independent of prey density (Table 6.1). Thus, both
assumptions of Holling’s type II equation were met. Searching efficiency differed significantly between bare sediment and seagrass and decreased with depth (Table 6.1) in both
habitat treatments, with the decrease being stronger in seagrass than in bare sediment
(significant interaction between depth and habitat treatments: Table 6.1, Figure 6.1A).
Handling time increased significantly with prey depth in both habitat treatments and was
higher in the seagrass (1.01 ± 0.05 s; mean ± SE) than in the bare patches (0.82 ± 0.05 s)
(Table 6.1, Figure 6.1B).
Touch-model
There was a significant effect of depth on the probe rate (Table 6.2), but no an effect of
habitat treatment (bare sediment versus seagrass) or of prey density (Table 6.2). In bare
sediment, there was a significant difference between the predicted searching efficiency
based on the touch model and the observations (Figure 6.1A; at 1 cm: differenceobs-pred =
–1.58 cm2 s-1, t23 = –2.98, P < 0.01; at 2 cm: 4.30 cm2 s-1 t24 = 5.98, P < 0.001; at 3 cm:
3.52 cm2 s-1, t23 = 11.22, P < 0.001). In seagrass, however, the predicted searching efficiency based on a touch-model did not differ from the observations when prey were
buried at greater depths (Figure 6.1A; at 1 cm: differenceobs-pred = –3.78 cm2 s-1, t23 =
–5.31, P < 0.001; at 2 cm: –0.16 cm2 s-1; t22 = –1.53, P = 0.14; at 3 cm: 0.11 cm2 s-1,
t24 = –0.84, P = 0.41) (observed estimates: bias-corrected back-transformed; Sprugel
1983). This implies that red knots were unable to use remote detection when foraging in
seagrass.
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Table 6.1 Mixed-effect model of the log-transformed search time, searching efficiency and handling
time. Models include fixed effects prey depth (continuous), prey density (continuous), habitat (categorical; seagrass or bare sediment) and individual bird as random effect.
Search time (s)

Estimate

SE

t

P

–0.983

0.172

–5.725

<0.0001

0.135

0.030

4.535

<0.0001

habitat (seagrass)

–0.024

0.091

–0.261

0.773

prey density

–0.945

0.114

–8.320

<0.0001

0.170

0.042

4.053

<0.001

Estimate

SE

t

P

1.111

0.065

16.961

<0.0001

–0.135

0.030

–4.517

<0.0001

Fixed effects
Intercept
prey depth (1, 2, 3 cm)

habitat × prey depth
Random effects
Individual bird
Residual

Searching efficiency (cm2 s-1)

1.20 ×10-5 (sd)
0.202 (sd)

Fixed effects
Intercept
prey depth (1, 2, 3 cm)
habitat (seagrass)
habitat × prey depth

0.026

0.091

0.290

0.773

–0.172

0.042

–4.061

<0.001

Estimate

SE

t

P

–0.351

0.065

–5.388

<0.0001

Random effects
Individual bird

0.015

Residual

0.209 (sd)

Handling time (s)

(sd)

Fixed effects
Intercept
prey depth (1, 2, 3 cm)

0.095

0.016

5.872

<0.0001

habitat (seagrass)

0.097

0.049

1.984

<0.05

–0.001

0.001

–1.373

0.172

0.001

0.022

0.011

0.992

prey density
habitat × prey depth
Random effects
Individual bird

0.135

(sd)

Residual

0.111

(sd)
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searching efficiency (cm2 s-1)
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Figure 6.1 (A) Searching efficiency as a function of prey depth of knots foraging on prey in bare
(black) and seagrass (green) habitat. The grey lines indicate the touch-model with confidence interval (95%). (B) Prey handling time as a function of prey depth of knots foraging on prey in bare
(black) and seagrass (green) habitat. (C) Bare patch, (D) seagrass patch, (E) knot swallowing a prey
during an experimental trial on a seagrass patch.

The physical model
The physical model shows that the pressure patterns produced by the probing knot’s bill,
located at the interface between air and sediment, and the flow through the pores, driven
by pressure differences, is influenced by the presence of a spherical shell deeper in the
sediment (Figure 6.2A). The imposed pressure gradient is displayed by a spherically symmetric radial decay decreasing from high pressure to low pressure. The isobars are
obstructed in the vicinity of the shell (Figure 6.2A). The pressure pattern induced by the
presence of the shell is defined by subtracting the response of the initial pulse with the
spherical shell in place and without the shell in place. It is this difference that we argue is
sensed and informs the knot about the presence of a prey, at some radial distance and
direction (Figure 6.2B). When the spherical shell is situated within an infinite rhizomes
99

CHAPTER 6

layer, which reduces the permeability, the rhizomes layer changes the apparent strength
of the source at the origin. The change in the pressure field at the interface between wet
sediment and rhizomes layer is clearly visible in a changing isobar inclination (Figure
6.2C). When we again subtract the response pulse with the spherical shell in place and
without the shell in place, it shows that the pressure field no longer reveals the presence
of the shell. The pressure difference is very nearly symmetric at the bill tip, at the origin,
and no longer offers any clues on the direction (nor distance) at which the prey can be
found (Figure 6.2D).
Table 6.2 Mixed-effect model of probe rat, with fixed effects prey depth (continuous), prey density
(continuous), habitat (categorical; seagrass or bare sediment) and individual bird as random effect.
Probe rate (s-1)

Estimate

SE

t

P

Intercept

15.277

1.401

10.882

<0.0001

prey depth (1, 2, 3 cm)

-4.977

0.397

-12.548

<0.0001

habitat (seagrass)

1.562

0.916

1.705

0.1

prey density

-0.032

0.049

-0.654

0.512

Fixed effects

Random effects
Individual bird

1.062 (sd)

Residual

1.946 (sd)

DISCUSSION
Searching efficiency of red knots foraging in seagrass was much lower than when foraging in bare sediment, especially for prey buried at greater depths, and was better
explained by the touch model than by remote detection (Figure 6.1A). The present estimates of searching efficiency on bare sediment were similar to previous estimates (5.8 –
26.2 cm2 s-1) (Piersma et al. 1995, van Gils and Piersma 2004). Nevertheless, we found a
small negative effect of depth in bare sediment, an effect not found by Piersma et al.
(1995). However, as searching efficiencies in bare sediment were higher than predicted
by the touch model, and were quantitatively in line with previous estimates, we conclude
that red knots used remote prey detection in bare sediment at all depths (Figure 6.1A).
Our finding of the low searching efficiencies (even lower than in the direct touch model)
at the shallower prey depths (Figure 6.1A) is probably the result of invisible prey rejections below ground. Searching efficiency is derived from number of prey encountered, so
that when prey are detected but rejected below ground without being noticed by the
observer, searching efficiency will be underestimated (Wanink and Zwarts 1985, Piersma
et al. 1995, van Gils et al. 2015). This bias is likely to become more systematic at high
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bare sediment

A

B

bare sediment

rhizomes in sediment

D

C

Figure 6.2 (A) The pressure field build-up by the bill of the knot in bare wet sediment of a hypothetical mudflat. The imposed pressure gradient is displayed by a spherically symmetric radial decay
decreasing from high pressure (densely packed isobars near bill tip) to low pressure (wider spaced
isobars to right). (B) The isobars are obstructed in the vicinity of the shell, and the disturbance pressure field (shown here) is sensed and informs the knot about the presence of a prey, in the form of
radial distance and direction. (C) When the spherical shell is situated within an infinite rhizome
layer (below the interface between bare wet sediment and infinitely deep rhizome layer, dashed
line), which reduces the permeability, the rhizome layer changes the apparent strength of the source
at the origin. The change in the pressure field at the interface between wet sediment and rhizomes=
layer is visualized by a changing isobar inclination. (D) Here, the pressure difference is nearly symmetric at the bill tip, at the origin, and no longer offers any clues on the direction (or distance) at
which the prey can be found (for details see Box 6.1).
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prey densities or at shallow depths when prey are more easily found (Wanink and Zwarts
1985; T. Piersma, personal observation).
Handling time increased with prey depth and was higher in seagrass, an effect which
was also found by Piersma et al. (1995). In addition, handling time increased more
strongly with depth in seagrass which may well be caused by the difficulty for red knots
of pulling a prey out of a dense network of rhizomes. The average handling time was 0.92
± 0.04 s, which is close to a mean handling time of 0.7 s measured in the field (van Gils
et al. 2015).
Why do red knots lose their ability to remotely detect hard-shelled prey when foraging
in seagrass? The outcome of the physical model shows that when the spherical shell is situated within a layer of rhizomes, the permeability of this substrate is reduced; the pressure field is changed at the interface between the sediment and the rhizomes (Figure
6.2C). This overwhelms the much weaker pressure difference due to the reflection by the
shell and obscures the directional prey information. Therefore, red knots can no longer
rely on their remote detection to encounter the hard-shelled prey ‘hidden’ by the rhizome
layer. It also falsely suggests the presence of a prey item at a certain distance right below
the bill tip. This indicates that, relative to the vertical, the angular spread of successful
deep probes of knots feeding over a rhizome mat should be significantly less than that
over a mud layer without a rhizome mat, a hypothesis that deserves testing in future
work (see a detailed discussion on the sensitivity of the pressure gradient to the permeability in Box 6.1). All of the pressure differences, of course, also depend on the actual
change in permeability due to the rhizomes mat, on the location of that layer and on its
depth (here assumed to be of infinite extent). But the dramatic change in the pressure difference that we see because of the rhizome layer (compare Figure 6.2B and 2D) will not
depend too much on these details.
Implications for predictions on intake rates and habitat use
Insights into nonvisual sensory systems may give tantalizing opportunities to actually predict habitat selection rules and even foraging distributions (van Gils et al. 2006, Cunningham et al. 2010, Piersma 2011, Piersma 2012). In this study, the remote detection ability
of red knots was obstructed by seagrass resulting in decreased searching efficiencies, an
important parameter to predict intake rates with a functional response. The functional
response is a commonly accepted function to predict spatial distributions and habitat use
of foragers (Stephens and Krebs 1986, Piersma et al. 1995, van Gils et al. 2015). However, in bare sediment, where searching efficiency is a constant, red knots obey the
assumptions of Holling’s type II functional response, implying that intake rate in relation
to prey density levels off at high prey densities (this study, Holling 1959, Piersma et al.
1995). Based on our experimental- and physical model results we will argue below that
in seagrass beds the relation between intake rate and prey density will be dome-shaped
(so called type IV functional response; Holling 1961, Jeschke and Tollrian 2007), implying that above a certain prey density, the intake rate goes down with increasing prey
density.
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It is known that seagrass has a positive effect on prey density and abundance (Orth et al.
1984, Honkoop et al. 2008, van Gils et al. 2015). In Banc d’Arguin, seagrass and lucinid
bivalve densities are tightly linked due to their mutualistic relationship (van der Heide et
al. 2012). While at first sight the increase in prey density would be an advantage for
knots, ‘simultaneously’ increasing seagrass density leads to decreasing searching efficiency (Figure 6.3A). Hence, with an increasing seagrass biomass, the searching efficiency
decreases faster than the increase in prey densities, so that the functional response will
become dome-shaped, and this goes for all depth distributions (Figure 6.3B) (see mathematical details in Appendix A6).
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Figure 6.3 (A) Observed searching efficiency versus seagrass density based on experimental results
at different prey depths. (B) The predicted functional responses by red knots, cumulative across all
prey depths within the experiments (1–3 cm), and cumulative across the two deepest layers (2–3
cm) and for the deepest layer (3 cm). Depth-specific prey density fractions from the field were
adapted from Piersma et al. (1993). The horizontal line boxplot shows the median value, the bottom and top of the box show the 25th and 75th percentiles (middle 50% of the data), respectively,
whiskers show 1.5 times the interquartile range of the data.

Thus, on the Banc d’Arguin, red knots encounter high searching efficiencies at low
prey densities in little or no seagrass, and low searching efficiencies with high prey densities in dense seagrass beds. This shows that in seagrass habitats knots may maximize
intake rates by feeding on intermediate prey densities and moderately dense seagrass
beds (which is indeed what has been found by van Gils et al. 2015). In other words, in
this case the functional response may not be a simple function of prey density but also of
seagrass density. Note that in herbivores a type IV response is commonly observed, often
because digestive quality decreases with increasing biomass (Fryxell 1991, Heuermann et
al. 2011). However, in predator-prey interactions a type IV functional response has not
received much attention. Only a handful of recent studies have shown that densitydependent defences, and nutritional quality of the prey, lead to a decline in intake rate at
high prey densities (Vucic-Pestic et al. 2010, Bressendorff and Toft 2011, Liznarova and
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Pekar 2013, Bijleveld et al. 2016), again suggesting that in many foraging contexts animals should aggregate at intermediate prey densities.
In the Wadden Sea, spatial prediction of foraging red knots was better with than without the refinement of the functional response based on remote (Piersma et al. 1995). In
seagrass beds, when seagrass-dependent searching efficiency is not taken into account
this may lead to an overestimation of intake rates at high prey densities. The notion of a
seagrass-dependent searching efficiency offers a quantitative working hypothesis for
future research in diet and habitat preference of red knots foraging on seagrass-covered
ecosystems.
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APPENDIX A6
Determination of the effective touch area of the prey
To calculate the effective touch area we need to determine the touch area of the prey,
because the probability of prey being touched depends on the surface area of the prey,
measured in the horizontal plane (Zwarts and Blomert 1992). The touch area, determined from digital pictures of Loripes, is an allometric function of shell length (n = 27;
see inset of Loripes touch area, Figure A6.1A) and was analyzed with a nonlinear model
based on least-squares estimates (function nls) (Figure A6.1). Red knots probe with a
slightly opened bill, apparently to increase the effective touch area (Zwarts and Blomert
1992, Piersma et al. 1998). Therefore, the touch area is enlarged by the average surface
area of the bill tip of the red knot, with: t (thickness of bill) = 0.3 cm and w (width of
bill) = 0.7 cm (bill parameters taken from: Zwarts and Blomert 1992). The effective
touch area is written as: wt + 2wr + 2tr + π r2, with r derived from the average touch
area from this study based on the allometric function with average prey length of 0.9 cm
used in the experiment, see Zwarts and Blomert (1992) for details. Finally, the effective
searching efficiency (‘touch model’) was calculated by multiplying the effective touch area
by the effective probe rate at each depth (1-cm classes) (Figure A6.1B).
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Figure A6.1 (A) Touch area as a function of shell length: 10a × Lb. (a = –0.486 ±SE 0.006, t =
–84.36, P < 0.001, b = 2.145 ±0.083, t = 25.88, P < 0.001). Average shell length L in the experiments was 0.9 cm. (B) Estimated searching efficiency based on the touch-model.

Functional response
To investigate how searching efficiency affects intake rates (IR) of knots, we integrated
the seagrass density dependent searching efficiency into the type II functional response
where h is the constant handling time of the prey (s), a is the constant searching efficiency
(m-2 s-1) and D is the prey density (no. m-2):
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IR =

aD
1 + aDh

Because searching efficiency is negatively dependent on seagrass density and decreases
with prey depth (Figure 6.3A) and prey density increases with seagrass density, we introduced a dynamic searching efficiency A(S) that is negatively related to seagrass density S:
IR =

A(S)D(S)
1 + A(S)D(S)h

We described the relation between searching efficiency and prey density by the exponential function A(S) = A(S=0) e-cS, where the constant c and A(S=0) (the searching efficiency on bare sediment) are fitted to the results of this study. Because the detectability of
the prey is depth-dependent, all parameters were estimated for all three depth classes
separately by a nonlinear model based on least-squares estimates (function nls in R, Figure 6.3A) (R Development Core Team 2014). The relationship between prey density and
seagrass biomass was recently quantified non-linearly dependent on seagrass (D(S)=
256.6 S0.24; chapter 6). We use depth-specific prey density fractions from the field (based
on: Piersma et al. 1993) and average energy content of the most common bivalve species,
Loripes and Dosinia isocardia: 7.28 and 2.57 mg AFDMflesh (van Gils et al. 2012). The estimated amount of energy gained based on the functional response becomes dome-shaped
and the effect becomes stronger with prey depth (Figure 6.3B).
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In the 1990s two young passionate scientists joined forces to get insight in a spectacular ‘sixth-sense’
organ in the tip of the bill of red knots Calidris canutus (Piersma et al. 1998). Now, 18 years after
date, new insights in the foraging behaviour of red knots forced another young scientist to bring
back together these scientists again.

BOX 6.1

Physical mechanism of remote touch

Leo R.M. Maas, Jimmy de Fouw and Theunis Piersma

ABSTRACT
A simplified physical and mathematical description is given of the mechanism
employed by knots for remote detection of shells buried in soft sediments. This
mechanism, which employs soil mechanical properties of wet sand, is described
both for cases with or without a rhizome (sea grass root) layer below a surface
mud layer. The presence of a rhizome layer reduces the permeability of that layer
and consequently the knot's remote detection is.
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INTRODUCTION
Observation and experiments by Piersma et al. (1998) show that knots are able to sense
the remote presence of shells (or pebbles), of some 1 cm diameter, in muddy sand. Knots
can sense hard-shelled objects, buried over distances up to their bill length (approximately 3 cm). It is significant that their sensory capability fails in dry sand, in very liquid
mud and, what is of particular interest here, when there is a rhizome mat shielding their
prey (see main text for description).
Observation also shows that the tip of the knot's bill is (uniformly) covered with many
tiny pressure sensors (Herbst corpuscles), whose threshold sensitivity (the minimally
detectable pressure perturbation) and response time are unknown. We make a few
assumptions concerning the bill that will be convenient in its physical modelling. We
assume that the probing depth is very small, so that the probe, in its ‘emitting’ (forcing)
mode, acts as a point-source of pressure fluctuations (located at the surface). This is also
an accurate description when the emission is produced by a finite-sized spherical object,
as long as the same mass-flux is affected. For the conical shape of the bill this should be
modified at a later stage. During its detection mode, we assume that the bill penetrates to
its true depth.
We first address, the following questions related to the pressure detection mechanism
of probing bills and the specific demands posed on the mud and hydrodynamic environment, (1) What is the role of fluid in the mud, and why does the detection mechanism
fail in dry or very liquid circumstances? (2) What is the role of the repetitive character of
the probing? (Why is a single probe not sufficient?) (3) What is the role of the rhizomes
layer on the detection mechanism?
Role of fluid in the mud layer
The probing of the bill will produce pressure variations in the mud. The properties of the
medium at hand determine in what way it responds to pressure variations. In dry sandy
sediments, for instance, pressure perturbations can, to a large extent, simply be supported
by increased or decreased normal stresses of one sand grain upon another, without the
necessity of having to yield. In other words, for tiny pressure perturbations, the sand,
except in the very vicinity of the bill, acts as a solid. Fluids, on the other hand are unable to
support pressure differences and always have to ‘yield’. Consequently, they will immediately
start to flow, thereby relaxing the pressure difference. Moreover, when forcing is at a liquid
surface, the fluid will also respond by means of waves on that surface that will quickly
remove the added energy towards infinity. In a muddy environment, however, there is
enough water in the pores to produce a flow through it, while the absence of a free, liquid
surface, eliminates the ability to remove energy by means of surface wave propagation.
The pressure perturbation generated is, in other words, trapped in the forcing location.
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The flow through pores is driven by pressure differences. The pores are tiny channels
whose sides exert a drag on the flow along them. Indeed, side wall friction is the dominating mechanism which impedes the flow through the pores. The classical description of
flow through mud is therefore one in which the pressure gradient is balanced by friction.
Because of the complexity of the sand skeleton this is necessarily an empirical relation,
known as Darcy's law (e.g. Sleath 1984):
u = – k∇ p,
where u = (u, v, w) is the fluid velocity in direction x = (x, y, z)-respectively, z pointing upwards, against gravity, p is the pressure, ∇ = ∂/∂x, ∂/∂y, ∂/∂z the gradient operator, and
k an empirical constant proportional to the mud's permeability (proportional to the porosity of the mud), and inversely proportional to the viscosity of water. Although the pores
may contain a substantial amount of air, which will make the aggregate of air and water
within the pores susceptible to compression, we adopt the simplistic viewpoint that the
pores are entirely filled with water, which is (nearly) incompressible. Hence the fluid is
non-divergent:

∇·u=0
(Accounting for the slight compressibility of water, or of the water-air mixture, would
enable us to describe acoustic waves. For the range of probing frequencies given, however, these waves would have length scales of some hundreds of meters, far outside the
range of interest of 5 cm, say.) Incompressibility of the pore water (adopted here) means
that pressure variations will instantaneously be felt throughout this domain of interest.
The probing bill will bodily displace sand and water and thus will also act as a mass
source. This is modelled by introducing a source term at the right-hand side of the last
equation. In the approximation that this is a point-source this will take the character of a
Dirac delta function δ (x), a ‘distribution’, whose integral value only has physical significance representing the mass flux.
Role of repetitive probing
Assuming the permeability k to be spatially uniform, the previous two equations, with the
addition of a point source, can be combined into a Poisson equation for the pressure:
∆p = δ (x) e2π ift

(1)

where the Laplacian operator ∆ = d2/dx2 + d2/dy2 + d2/dz2. Note that this only determines a spatial relationship for the pressure. Its time (t) dependence (introduced by the
repetitive probing with frequency f ) is parametric: p ∝exp(2π i f t). Omitting the timedependence (see below) the Poisson equation, (1), is solved by p = 1/r, where r = (x2 +
y2 + z2)1/2 represents radial distance. The pressure in an infinite medium (for the
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moment disregarding the upper surface), is thus simply inversely proportional to the distance to the source.
The knot's 'sixth sense' for remote detection of prey (Piersma et al 1998), employing
repetitive, shallow probing, followed by a single deep probe in another direction, apparently uses the build-up of residual pressure near the knot's bill tip. Compaction may be
responsible for such pressure build up. The periodic `shaking' of muddy sand by the probing action of the bill may explain the continuous increase in residual pore pressure. Each
shake may lead to a (locally) more compact rearrangement of sand grains when the
stirred-up sand grains fall back under the action of gravity. This process may lead to an
associated increase of pore pressure and plays a dominant role, for example in liquefaction and the formation of quick sand (Sleath 1984). But the pressure field is not only
changing in the vicinity of the bill. The residual (time-averaged) pressure pattern in the
vicinity of a nearby shell will be affected as well, and in consequence this will in turn
affect the pressure distribution around the bill. The intensity of this spatially-modified
pressure pattern will increase at each successive cycle of the probing action, revealing the
prey's location by making it, in every cycle more clearly ‘visible’.
Response due to a rhizome layer with or without a shell
At the top of the rhizomes layer, situated at depth z = –d, the pressure, p, and the vertical
velocity, w = –kdp/dz, perpendicular to that plane, have to be continuous. The permeability, k, of the lower rhizomes layer, kl, is less than that of the upper mud layer, ku. This is
due to the decrease in the effective porosity of the sediment, and we assume that the rhizome root structure is so small that we can represent its presence in the form of a reduced
effective permeability.
We next describe the response due to a localized pressure pulse induced by repetitive
probing of a knot's bill, at z = 0. We consider three cases: first, the response in the
absence of a shell, when a mud layer rests on top of a layer containing a rhizomes mat:
second, the response to a shell in a mud layer without a rhizome mat, qualitatively discussed in Piersma et al (1998): third, the response to a shell buried in the lower layer
containing the rhizomes mat. In the latter case we give particular attention to the pressure gradient sensed at the position of the knot's bill.
Response due to a rhizomes layer without a shell
Even in the absence of a prey (or stone) the change in permeability between a mud layer
and a layer containing a seagrass root system (rhizomes mat) will affect the radial pressure distribution discussed above. Assuming the permeability to be constant within the
rhizome layer, the pressure will again be governed by a Laplace equation. Hence the pressure will also be inversely proportional the radius, but with a reduced ‘transmitted’ amplitude T. The semipermeable interface between the mud and rhizome layers acts as a partial mirror. Therefore it augments the pressure field in the mud layer, where the knot
senses the pressure difference relative to the uninhibited pressure field it knows it has
been producing. This augmented field in the mud layer seems to come from a mirror
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source situated in the rhizome layer at a distance from the interface at z = –d equal to
that of the source (the bill), at the surface and the interface. Therefore, the pressure is
written as

p(x, y, z) =

1
R
pu = r + r ,

z ∈(– d, 0)

T
pl = r ,
0

z < –d

0

–1

(2)

where rn ≡ (x2 + y2 + (z + Zn)2 )1/2, denotes the distance with respect to source (n = 0)
or images, located at Zn = – 2nd for n = (1,2,…). At the interface between mud and
rhizome layer, z = – d, we require continuity of the pressure pu = pl , (subscripts denoting
upper (u) and lower ( l ) layer respectively), and also continuity of vertical velocity
ku dpu /dz = kl dpl /dl . This determines reflection and transmission coefficients R and T in
terms of k = kl /ku < 1:
R=

1– k
2
, T=
.
1+ k
1+ k

(3)

The resulting pressure field is displayed in Fig. B6.1A.
In this computation, the top layer (z > – d) is treated as being of infinite extent. Therefore,
the normal derivative of the pressure, dp/dz, and hence the vertical velocity, w, do not
vanish at the water surface, z = 0. Figure B6.1A shows a weak inclination of the isobars
relative to the vertical. The presence of the water surface, however, leads to a subsequent
reflection of our virtual source at z = –2d, which creates a new mirror image above the
water surface, at z = 2d. This mirror source, in turn, will produce a subsequent mirror
source in the rhizomes layer at z = –4d and so on, ad infinitum, and the pressure field
due to this infinite sequence of source and mirror images is given by
Rn+1
Rn
, z ∈(– d, 0)
pu = ∑ ∞n=0 r + r
n
–(n+1)

(

p(x, y, z) =

Rn
pl = T ∑ ∞n=0 r ,
n

)

(4)

z < –d

Taking for example, 50 mirror sources into account, the isobars indeed approach the
water surface practically orthogonally (see Fig. B6.1B). When we subtract the initial
pulse, we find the pressure perturbation as sensed by the knot (Fig. B.6.1C), which the
knot may take to indicate the presence of a prey straight below its bill.
Perturbation due to a spherical shell
We now consider the impact of a shell (Piersma et al. 1998). For convenience this is
assumed to be of spherical shape or radiusa <1, located at a radial distance r = 1 from
the bill tip, at an oblique angle θ from the horizontal. In an infinitely extended mud
layer, an appropriate array of image sources and sinks, located within the shell, will be
able to generate a pressure and corresponding motion field such that the isobars are
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Figure B6.1 Rhizomes layer without shell: Pressure distribution, p(x, z), for k = 0.25 taking in the
summation (A) only the n = 0 term into account, or (B) up to n = 50. The top of the rhizomes layer
is indicated by a dashed line. (C) Pressure perturbation, p' (x, z) ≡ p – 1, after eliminating the forced
pulse at the source.

everywhere perpendicular, and thus the flow is parallel to the shell's boundary (Lamb
1932; p. 129), Fig. B6.2A. We let the source be at the origin and the centre of the shell
define the x, z-plane. The residual pressure field is then most easily expressed in a coordinate system in which the x, z-coordinates, rotated to ξ , ζ -coordinates, with ξ = – xs + zc,
ζ = xc + zs, and (s, c) ≡ (sin θ , cos θ ), are such that the line connecting bill tip and prey
is now defined as the new horizontal ξ -axis, and the line perpendicular to this as the new
vertical ζ -axis. Then the residual pressure reads
p(x, y, z) =

1
a
1
1 – a2 – ζ
1– ζ
+
+
sinh–1
– sinh–1
2
2
2
a
ρ
ρ
r √(1 – a – ζ ) +ρ

[

(

)

(

)],

where ρ =(ξ 2 + y 2)1/2 is a horizontal radial coordinate. Subsequent figures show the y =
0 plane only (the plane containing bill tip and prey), in which the response is strongest.
When we subtract the initial pulse, we find, however, that the isobars of the perturbation
pressure field are not perpendicular to the water surface, z = 0, suggesting a flow through
the surface (Fig. B6.2B) but this does not happen since the water surface is impenetrable.
The surface acts as a reflector leading to another change in the pressure field. This is produced by a mirror image of the virtual sources invoked by the shell. Adding this contribution, the isobars are correctly perpendicular to the water surface (Fig. B6.2C) but at the
bill tip, at the origin, (x, z) = (0,0), this difference is sensed and informs the knot about
the presence of a prey at θ = 60° relative to the horizontal, at a radial distance r = 1.
Note that these image sources (located above the water surface) would require another
perturbation pressure field in the vicinity of the shell, as the flow induced by that field
would equally need to avoid penetrating the shell. In theory, an infinite sequence of virtual
sources within the shell and above the water surface would be needed to exactly satisfy
the impenetrability at shell and water surfaces. In practice, here and in what follows, we
truncate this sequence after a few terms. When the shell is buried in a half-infinite
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Figure B6.2 Shell without rhizomes layer: (A) Pressure distribution, p(X, z), due to shell in infinitely deep mud layer without rhizomes. (B) Perturbation pressure, p,(X, z) without the source. (C)
As (B), but with reflecting water surface.
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Figure B6.3 Shell within a rhizomes layer: (A) Pressure distribution , p(X, z), due to shell in infinitely deep rhizomes layer located below mud layer. The interface between both layers is indicated
by a dashed line. (B) Perturbation pressure p,(X, z) without the source. (C) As (C), but with reflecting water surface.

rhizome layer of permeability k = 0.25 (leading to a reflection coefficient, R = 0.6) below
a mud layer of depth d = 0.3, the rhizome mat changes the apparent strength of the
source at the origin by a factor T = 1 – R2. The change in the pressure field at the interface between mud and rhizome layer is clearly visible in a changing isobar inclination
(Fig. B6.3A). Subtracting the influence of the source (Fig. B6.3B) shows that the pressure
field in the mud layer no longer reveals the presence of the shell, even if we take the
mirroring aspect of the surface into account (Fig. B6.3C). In both cases, the pressure
difference is very nearly symmetric at the bill tip, at the origin x = 0, and no longer offers
any clues on the direction (or distance) at which the prey can be found (compare Fig.
B6.3C with Fig. B6.2C). In fact, while not exactly symmetric, it is clear that the pressure
difference p , = p – r –1 between the induced (p), and the imposed pressure r –1 – the difference sensed by the knot – is dominated by the direct reflection due to the presence of the
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rhizome layer. This overwhelms the much weaker pressure difference due to the reflection
by the shell and obscures the directional prey information.
Perturbation pressure gradient
The pressure difference below the top layer of depth d, of course, also depends on the
actual change in permeability, k, due to a rhizome mat below, on shell size, a, and on
shell angle, θ , relative to the horizontal. (We here assume the rhizome mat to be of semiinfinite extent). The strength of the pressure gradient as sensed by the knot's bill is estimated by taking only the influence of the rhizome layer and of a shell into account. Thus
we discard the subsequent contribution consisting of mirror images due to the presence of
the surface. The reason to do so is that the vertical component of the pressure gradient
(proportional to the vertical velocity) vanishes at the surface. Since the knot's bill penetrates the mud layer over a few millimetres, the knot also senses this difference below the
surface, where this component is not annihilated. In this way, the pressure gradient at the
origin, (x, y) = (0,0), affected by the sea grass roots and a shell, contains apart from its
magnitude, directional information, φ , which can be computed analytically. It is given by
–∇p' ≡|∇p' |(cos φ , sin φ ) = (1 – R2)

a3
R
(cos θ , sin θ ) + 0,
.
4 d2
(1– a2)2

(

)

Without a rhizome layer, the permeability ratio k = 1, and thus there is no reflection, R =
0, and the pressure gradient decreases with decreasing shell size, a. In the vertical plane
this points towards the shell position, φ = θ . With a rhizome layer, but without a shell
(a = 0), the perturbation pressure gradient points simply downwards, towards the image
source. This may falsely suggest the presence of a shell at a depth 2d, twice the thickness
of the sediment layer on top. For a single depth d = 0.3 and shell diameter a = 0.2, the
φ
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Figure B6.4 Perturbation pressure gradient sensed at the bill tip (x = (0,0,0)): (A) magnitude,
|∇p|, (dimensionless units and colours) and (B) direction, φ , (labelled contours in degrees and
colour) as a function of shell angle to the horizontal, θ, and of permeability ratio, k.
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magnitude |∇p' | and direction φ , relative to the horizontal, are displayed in Figures
B6.4A, B. The figure reveals that even under a small 4% drop of permeability in the lower
rhizomes layer, the perturbation pressure gradient magnitude increases by a factor of 10
(see the left side of Fig. B6.4A). Obviously, the contribution to the perturbation pressure
by the shell is dwarfed by that due to the virtual image source. Most significantly, the
angular information on the position of the shell is almost lost, since φ ≈ 90˚ for any shell
direction θ (meaning the knot believes the prey to be buried vertically below the bill).
This sensitive dependence on permeability remains present for other surface layer depths,
d, and shell diameters, a.
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how the combined effects of food density and
detectability drive forager distributions
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ABSTRACT
Habitat structure has profound effects on foraging animals: it affects prey abundance, while at the same time influencing a forager’s searching efficiency. For
example, in marine systems, foundation species (e.g coral reefs and seagrass beds)
have a strong habitat-structuring effect by increasing prey densities, but simultaneously also creating spatial refuges causing negative effects on searching efficiency
of consumers. These two dimensions of habitat quality, which are rarely studied in
concert, were experimentally investigated for red knots (Calidris c. canutus) foraging in the intertidal seagrass ecosystem of Banc d’Arguin (Mauritania). The mudflats here covered by a gradient of seagrass densities from sparse with low densities
of prey (that should be relatively easy to find) to dense with high densities of prey
(that should be harder to detect). Intake-rate maximizing red knots would have to
find an optimum at intermediate seagrass densities. We tested this inference in a
unique experimental setting by bringing indoors natural habitat patches that
ranged from no to dense seagrass, on which we measured intake rates, searching
efficiencies, prey handling times and patch preferences. As predicted, red knots
showed high searching efficiencies at low prey densities in patches with little or no
seagrass, and low searching efficiencies at high prey densities in dense seagrass.
Red knots gained the highest intake rate in patches of degrading seagrass with
intermediate total prey- and seagrass densities. Using field observations on forager
densities, we confirmed the preferred use of mudflats with intermediate seagrass
densities. Thus, we conclude that to accurately predict the habitat choice of a consumer, habitat-modifying effects by foundation species should be considered.

In preperation for publication

CHAPTER 7

INTRODUCTION
Prey density is an important factor determining forager distributions. Moreover, it is generally assumed that foragers will try to maximize their intake rates, and that this will
occur at the highest (harvestable) prey densities (Holling 1959, Stephens and Krebs 1986,
Zwarts and Wanink 1993). Students of foraging ecology have typically consider harvestable food density to be the most important predictor of intake rates and forager distributions (MacArthur and Pianka 1966). However, the world is obviously more complex,
and an increasing number of studies has shown that other factors should not be ignored
(e.g. Brown 1988, Piersma 2012). Habitat complexity, for example, can obstruct the
detectability of prey, influencing the behaviour of foragers and their prey, as well as their
interaction (Ryer 1988, Anderson 2001, Lannin and Hovel 2011). Habitat complexity is a
function of abiotic structures (e.g., rock crevices, ship wrecks), but also of biotic structures
such as plants, trees and woody debris in terrestrial systems, and macro algae, submerged
plants, coral reefs and shellfish beds in aquatic ecosystems (e.g.Ryer 1988, Ripple et al.
2001, Arthur et al. 2005, Hopcraft et al. 2005, Loarie et al. 2013, Toscano and Griffen
2013).
Marine foundation species, like coral reefs, seagrass and mussel beds, are classic
examples of species which have a strong structuring role through modification of resource
availability, reduction of physical stress and enhancement of habitat complexity (Jones et
al. 1994, Stachowicz and Hay 1999, van der Heide et al. 2007, van der Zee et al. 2012).
On the other hand, by enhancing spatial complexity, they also create spatial refuge from
predation (Orth et al. 1984, Bruno et al. 2003), thereby negatively affecting the per capita
success rate of the forager (i.e. its searching efficiency, defined as the density-corrected
prey encounter rate; Beddington 1975).Yet, despite the importance of habitat-modification by foundation species for consumer-resource interactions, the net outcome for consumers of the balance between prey density enhancement on the one hand and increased
habitat complexity on the other hand has rarely been studied experimentally (Olff et al.
2009).
Here, we investigated how the combined effect of prey density and habitat complexity
in an intertidal seagrass bed explains the intake rate and habitat choice of an avian forager, the red knot (Calidris canutus canutus). This medium-sized shorebird mainly spends
its nonbreeding season at Banc d’Arguin, Mauritania (West Africa), where it feeds on molluscs buried in intertidal seagrass beds (Onrust et al. 2013, van Gils et al. 2013). In general, seagrass has a positive effect on species richness and abundance (Orth et al. 1984,
Honkoop et al. 2008, van Gils et al. 2015). In our study area, for example, seagrass and
the Lucinid bivalve (Loripes lucinalis) densities are tightly linked due to a mutualistic relationship (van der Heide et al. 2012b). While at first sight the increase in prey density
should be an advantage for knots, local prey depletion in high seagrass densities by red
knots was far less than expected based on earlier experiments on bare mudflats (Piersma
et al. 1995, chapter 6). Moreover, on average red knots were not found at the highest
densities of Loripes available in our study area (van Gils et al. 2015). Although, red knots
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possess a unique sensory organ in the tip of the bill to detect hard-shelled prey buried in
soft wet sediments without direct contact (‘remote touch’) (Piersma et al. 1995, Piersma
et al. 1998). Recent experimental work, however, revealed that in seagrass red knots ‘lose
their sixth sense’ and can only detect their prey by direct touch rather than remotely
(chapter 6). Therefore, in seagrass intake rate and habitat choice by foraging red knots
may not be simply a function of prey density but also of habitat complexity created by
seagrass.
We hypothesize that red knots need to find an optimum where the positive effect of
high prey densities (at high seagrass densities) becomes cancelled out by low searching
efficiencies at high seagrass densities. We first experimentally investigated this idea in
captive red knots foraging on patches taken from a seagrass gradient in the field, namely
bare sediment, colonizing-, long term healthy and degrading seagrass habitat. We experimentally scored intake rates, searching efficiencies, prey handling time and the preference
for certain habitats. We predicted that the highest intake rates would be found at the
intermediate seagrass densities (colonizing and degrading patches), and that these
patches would also be most preferred. To investigate whether our experimental outcomes
relate to field observations, we reanalyse data on red knot distributions collected in the
field by van Gils et al. (2015) and relate these to prey densities and NDVI (Normalized
Difference Vegetation Index, as proxy for seagrass cover).

METHODS
Study area
The intertidal area of the Parc National du Banc d’Arguin (PNBA), Mauritania, West Africa
(19°53’N, 16°17’W), covers about 500 km2 of mudflat dominated by mixed meadows of
Zostera noltii, Halodule wrightii and Cymodocea nodosa (Wolff et al. 1993). The shallow
intertidal seagrass beds accumulate large amounts of organic matter-rich sediment by
attenuating currents and waves (Folmer et al. 2012, van der Heide et al. 2012b).The
decomposition of organic matter is primarily controlled by anaerobic sulphate-reducing
bacteria that produce sulphide, which is toxic to seagrass (Lamers et al. 2013). In combination with drought events sulphide toxicity forces seagrass beds to go through successional dynamics alternating between low and high seagrass biomass yielding mosaics of
different developmental stages (chapter 3 & 4). Based on NDVI satellite images and
observation on the ground we could distinguish four habitats: bare sandy mudflat with no
seagrass (bare from here on), sandy habitat recently colonized by seagrass (colonized),
long term healthy seagrass with thick silt layer (~1 m, > 37 year-old meadows) (healthy)
and degrading seagrass habitat (degrading). Degrading seagrass was very patchy at a fine
spatial scale that could not be detected by satellite images, therefore, classification of this
habitat type was mainly done by observations on the ground. These four habitats were
used as habitat treatment during the experiments.
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Birds
The experiment was conducted in January 2012 at the Iwik research station PNBA. Five
red knots were caught with mist nets on 20 January 2012 on the Abelgh Eiznaya hightide roost, 2.5 km from the research station. Birds were housed as a group in an aviary
(2.0×0.6×0.4 m) with sand on the floor, fresh water ad libitum and on a natural daylight cycle. Birds were fed hard shelled bivalves (Loripes and Dosinia isocardia) to keep
natural gizzard size and in addition minced Anadara senillis collected on a daily basis. To
keep birds motivated to feed during the experimental trials, daily rations were adjusted to
keep body mass just above ca. 100 g (e.g. Oudman et al. 2014).
Experimental design
Experimental trials were conducted in the birds aviary. We conducted the experiments
with intact sediment cores (experimental patch) which were collected in PVC columns
from four habitat types (bare, colonizing-, healty- and degrading seagrass) at the Abelgh
Eiznaya mudflats (19°53.54′ N, 16°18.85′W). The PVC cores (ø: 15 cm) were taken to a
depth of 10 cm, sealed at the bottom, and transported to the research station. Here, cores
were kept submerged in buckets filled with seawater to prevent dehydration. Each habitat
treatment was offered in five times to each bird, every individual core was used once and
the order of the birds and treatment were chosen randomly.
Each trial was conducted with one individual bird at the time, with each bird being
involved in one trial per treatment per day. Unfortunately, one bird died after four experimental days, leading to a total of 96 trials suitable for analyses. During trials the other
birds were waiting in a separated part of the aviary such that they were in vocal and
visual contact with the experimental bird. A trial stopped after 3 min. of active foraging
time, which included probing, pecking in the sediment, and handling seagrass on the
experimental patch. Each trial was digitally recorded with a camera (Canon VIXIA HG21).
Search- and handling time for each prey encounter and ingested prey were scored by
slowing down the video tape to one-fourth of the recording speed by using Observer
package (Noldus Information Technology 1997). Intake rates (preys s-1) were calculated
by dividing the total accepted preys by the total active search time. Average searching
efficiency (cm2 s-1) was calculated per trial by 1/Ts × D, where D is the initial prey density (m-2) and was calculated by adding accepted preys (swallowed) and leftover preys
(not eaten in patch, see below for details) and Ts is the average search time per prey per
trial.
After a trial had ended, above and belowground seagrass and the benthic animals
were collected following a standard procedure (Honkoop et al. 2008, van Gils et al.
2012): cores were sieved over a 1-mm mesh, in the laboratory all molluscs in the sample
were counted and identified to species level and their shell length were measured to the
nearest 0.1 mm. Individual species ash-free dry mass (AFDM) was determined by using
length-specific AFDM curves (Onrust et al. 2013; unpub. data van Gils, van der Geest and
de Fouw) The top (0 – 4 cm) and the bottom (4 – 10 cm) were separated to distinguish
between prey items which were accessible for red knots from those that were not. Two
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gastropod species (Gibbula divaricata and Gibberula sp.) and a thick-shelled bivalve
(Senilia senilis) were omitted from the data because they were not eaten by red knots.
Total dry mass (DM in gram) of the seagrass was determined after drying (48 hours at
60°C). In addition a sediment subsamples was taken from the top of 5 cm and frozen
after collection (–10°C). Subsamples were freeze-dried in the laboratory, after which we
determined median grain size using a particle size analyser with auto sampler (Coulter LS
13 320).
To determine the habitat preference of the red knots we carried out a second experiment in which we offered the habitats in a dichotomous preference setting (following van
der Meer 1992). Individual habitat patches were used once and offered pairwise to the
experimental birds. Each bird received all six combinations of the four different habitat
types once a day over two days. Unfortunately, one bird died after two experimental days
the second day, leading to 56 experimental trials. The order of the birds, habitat treatment combinations and position of the habitat (left or right) was chosen randomly. Prior
to the trial a bird was placed in front of the two habitat treatment combination and separated by a netting panel through which the focal bird could visually inspect the two
patches. This panel was lifted after we made sure that the bird had given both patches a
close look. A trial was ended when the bird switched three times between the two habitat
treatments. Each trial was digitally recorded with a camera. The total time spend on each
treatment was used in the analysis and the habitat where most time was spend was used
as preference, resulting in a binomial distribution.
Statistical analysis
All statistical analyses were conducted using the software program R (R Development
Core Team 2014). Seagrass biomass, prey density, sediment median grain size where
analyzed using one-way ANOVA with habitat treatment as a fixed factor and Tukey HSD
for post-hoc comparisons. Searching efficiency, prey handling time and intake rate were
tested using mixed-effect model with habitat treatment as fixed factor and bird as random
factor (function lmer). Seagrass biomass versus prey density and searching efficiency were
analyzed with a nonlinear model based on least-squares estimates (function nls). We used
a Generalized Linear Model (function glm) with Binomial distribution for preference test.
All statistical analyses were done in R (R Development Core Team 2014), mixed model
with Sattertwiate corrected degrees of freedom (package lmerTest for mixed-effect models) (Bolker et al. 2009, Mun and Chun 2014).

RESULTS
Total prey densities differed significantly between habitat treatments (Figure 7.1A,
ANOVA, F3,92 = 42.79, P < 0.001).This was also detected in the top 4 centimetres
(ANOVA, F3,92 = 20.33, P < 0.001), however, here only bare sediment differed significantly from the other habitat treatments (Figure 7.1A). We could not detect a difference
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for prey flesh AFDM between habitat treatments (ANOVA, F3,92 = 1.94, P = 0.12). Totaland shoot seagrass biomass differed significantly between habitat treatments (Figure
7.1B, F3,91 = 123.2, P < 0.001and F3,91 = 65.63, P < 0.001) and prey density increased
with seagrass biomass (Figure 7.1C, total: b0 = 55.46 ± SE 1.74, P < 0.001, b1 = 0.60
± 0.1, P < 0.001, R2 = 0.58, top 4 cm: b0 = 256.61 ± 1.88, P < 0.001, b1 = 0.24 ± 0.12,
P < 0.05, R2 = 0.37). Sediment median grain size differed between treatments (F3,16 =
91.27, P < 0.001). Post-hoc test grouped degrading and healthy seagrass (P = 0.1; mean
± SE = 57.7 ± 1.34 µm) and bare and colonizing seagrass together (P = 0.08, 243.1
± 12.7 µm).
Intake rates differed significantly between habitats, with the highest intake rates being
achieved on the degrading habitat treatments (Figure 7.2A, GLMM, F = 10.09, P < 0.001).
Searching efficiency differed between habitat treatments (GLMM, F = 12.34, P < 0.001)
and decreased exponentially with seagrass biomass (Figure 7.2B, b0 = 0.79 ± SE 1.10,
P < 0.05, b1 = –0.004 ± 0.0009, P < 0.001). Prey handling time did not differ between
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Figure 7.1 (A) Prey densities differed significantly between the four habitats, both concerning all
prey and the ones living in the top 4 centimetres. (B) Total seagrass densities (sum of above and
below ground biomass) differed significantly between habitats. Letters indicate post-hoc groups and
error bars depict standard error. (C) Total prey density (dotted line through open dots, y =
55.46x0.60) and the top 4 centimetres prey density (solid line through closed dots, y = 256.61x0.24)
increased with total seagrass biomass.
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Figure 7.2 (A) Observed intake rates differed significantly between habitats, with intake rates in
degrading habitat being higher than in the other habitats. (B) Searching efficiency decreased with
seagrass biomass (y = 0.79e -0.004x). (C) Preference of the red knots for the habitat differed between
bare and all other habitats, with an equal preference for all seagrass-covered habitats. Letters indicate post-hoc groups and error bars depict standard error.

treatment habitats (mean ± SE = 1.35 ± 0.14 s, (GLMM, F = 1.21, P = 0.31 Preference
of the red knots for the habitat differed between bare and all other habitats (Figure 7.2C,
GLMM, P < 0.05), post-hoc test showed that there was an equal preference for all seagrass-covered habitats (degrading versus colonizing: P = 0.20, healthy versus colonizing:
P = 0.07, healthy versus degrading: P = 0.84).

DISCUSSION
Although there are multiple studies showing that foundation species increase habitat
complexity thereby providing refuge for prey and mediating consumer-resource interactions (for example: Meerhoff et al. 2007, Lannin and Hovel 2011, van der Zee et al.
2012), relatively few studies have examined the direct effect on searching efficiency (but
see Ryer 1988, Lannin and Hovel 2011). In this study we show that habitat complexity
increases prey density and simultaneously decreases searching efficiency. In turn, affect125
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ing the intake rate and habitat choice of the consumer, red knots in this case, when foraging on seagrass covered mudflats. This study confirms that red knots cannot rely on their
remote prey detection when foraging in seagrass (see for details: chapter 6). As a consequence, the high prey densities in dens seagrass which should be an advantage for knots
are ‘hidden’ within the seagrass rhizome layer. So, it falsely suggests there is a high prey
density availability for red knots in Banc d’Arguin and predictions on carrying capacity
based on feeding conditions in the past have taken this into account (e.g. Zwarts et al.
1990). Obviously, this needs further investigation to put this in prospective.
We found that red knots need to find an optimum where high encounter rates begin to
be cancelled out by low searching efficiencies at increasing seagrass densities. In addition,
the preference test showed that red knots preferred seagrass rich habitat over bare sand.
However, based on their high intake rates gained on degrading seagrass, one may expect
that red knot would have a strong preference for intermediate seagrass (degrading habitat), but this was not the case. Apparently there are other factors playing an important
role in habitat preference of red knots. For example, red knots use patch sample information to get to know the value of their surrounding (van Gils et al. 2003). As the red knots
did not have unlimited time on the experimental patches, the duration may have not
been sufficient to get to know the value of the patch accurately. However, results from
both experiments suggest that the combined effects of prey density and seagrass biomass
are important predictors to understand intake rate and habitat choice of red knots.
To get insight in the habitat choice of red knots in the field we combined field data on
individual red knot positions, available prey densities and NDVI (Landsat image taken on
14 April 2007, within the bird observation period) as a proxy for seagrass cover (see for
details: van Gils et al. 2015). We calculated intake rates based on functional response
type II with searching efficiency and handling time from our first experiment, shown as
lines of equal intake rate in a state space of prey densities vs. NDVI (curved lines in Figure
7.3). The intake rate lines show that red knots potentially gain the highest intake rates at
low seagrass biomass and high prey densities. However, looking at the frequency distribution of the NDVI values and the positive relationship between prey density and NDVI we
see that such sites hardly existed (Figure 7.3). The positive relation between prey density
and seagrass found here was consistent with our experimental data and other studies
(Honkoop et al. 2008, Folmer et al. 2012, van der Heide et al. 2012b). In line with the
predictions and the experimental results, this analysis shows that also in the wild, red
knots aim for the optimum, intermediate seagrass density where their intake rate is maximized (between 0.01 and 0.025 prey s-1) (Figure 7.3). Note that the predicted numerical
intake rates match the intake rates observed on free-ranging red knots at Banc d’Arguin
(van Gils et al. 2015).
Recently, there has been an increasing amount of attention for how the interplay
between habitat modification and trophic interactions affect ecosystem functioning (Olff
et al. 2009, van der Heide et al. 2012a, van der Zee et al. 2012, Sanders et al. 2014).
Foundation species, like coral reefs and seagrass, strongly modify habitat structure creating spatial refuge from predation (Peterson 1982, Orth et al. 1984, Stachowicz and Hay
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Figure 7.3 The available prey density against NDVI in the environment in April 2007 (fitted with
non-linear regression model, LOESS function (R Development Core Team 2014) (dotted lines depict
standard error) and the average prey densities and average NVDI at the red knot positions (dot with
error bars depict standard errors). Curved lines give equal intake rate (prey s-1) predicted by the
functional response based on the parameters estimated in this study.

1999, Bruno and Bertness 2001, Stachowicz 2001). As a consequence, this will affect the
searching efficiency of the consumer. Nevertheless, how foundation species quantitatively
affect searching efficiency through habitat modification is poorly studied (Olff et al.
2009). Our study shows that foraging success and habitat choice of red knots is mediated
by the habitat modifying properties of seagrass, which provide habitat (boosting prey
density) but also refuge for prey (hampering prey detectability). Therefore, the combined
effects of prey density and detectability are important factors and should be considered
when predicting the distribution of foragers in ecosystems with foundation species.
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Interplay between bottom-up and
top-down forces in a tropical intertidal
seagrass system

Jimmy de Fouw

CHAPTER 8

The main objective of the research in this thesis was to understand the relative importance of top-down and bottom-up forces on the functioning of tropical intertidal seagrass
ecosystems. Key questions were: How can an intertidal seagrass ecosystem function under
the ever-present risk of biochemical stress conditions (high sulfide levels) and what is the
role of a migrant top-predator (top-down effects)? What is the function of the mutualistic
interactions (bottom-up effects)? And finally, do bottom-up and top-down effects have
interactive impacts on ecosystem functioning and does this help us predict how seagrass
ecosystems may respond to the foreseen enhanced environmental stress conditions? In
addition, I will reflect on the key questions and discuss some implications for conservation and the need for studies on ecosystem connectivity.
Coastal foundation species such as corals, kelp, mangroves, salt marsh plants and seagrasses play a pivotal ecosystem-structuring role through the creation of strong bottom-up
effects by modifying resource availability, reducing physical stress and enhancing habitat
complexity (Jones et al. 1994, Stachowicz 2001, van der Heide et al. 2007). Simultaneously, however, predators can also exert crucial community-structuring top-down effects
through trophic cascades in the same ecosystems, suggesting that the interplay between
top-down and bottom-up effects may be essential for the functioning of these ecosystems
(Estes et al. 2011, van Gils et al. 2012, Hughes et al. 2013). If this is indeed the case, the
combined anthropogenic disruption of bottom-up and top-down effects in these systems
may to an important extent explain their global degradation. In this thesis, I investigated
how the interplay between bottom-up effects created by seagrass Zostera noltii and its
benthic invertebrate life, and top-down effects created by a migratory avian predator, the
red knot Calidris canutus, may structure the intertidal tropical ecosystem of Banc d’Arguin
in Mauritania (West Africa).

BOTTOM-UP FORCES
Seagrass beds are essential for coastal zones worldwide, because they provide coastal protection, act as carbon and nutrient sinks, and serve as keystone habitat for economically
valuable species such as fish (Orth et al. 1984, Waycott et al. 2009, van der Heide et al.
2012). In addition, seagrass beds are known as ‘ecosystem engineers’ (Jones et al. 1994).
Such ecosystem engineers are able to alter the physical conditions of their environment
(Jones et al. 1994) which is not only beneficial for themselves, but for many associated
species, thereby also called ‘foundation species’ (Figure 8.1A) (Bruno and Bertness 2001).
For example, seagrass meadows create a positive feedback by reducing hydrodynamics,
stabilizing sediments and accumulating organic matter from the water column (Figure
8.1D) (Folmer et al. 2012, Hansen and Reidenbach 2012). As a consequence, however,
seagrass beds ultimately create a negative feedback, because accumulation of organic
matter stimulates decomposition controlled by sulfate-reducing bacteria that produce sulfide, highly toxic to most forms of live including seagrasses (Bagarinao 1992, Lamers et
al. 2013). How seagrass beds cope with sulfide stress remained a mystery for a long time.
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Figure 8.1 (A) Conceptual representation of a mutualism forming the foundation of a marine
ecosystem. (B) Environmental change can disrupt such mutualisms, (C) which may initiate habitat
degradation as observed in coral reefs (Knowlton 2001, Stachowicz 2001, Hay et al. 2004, HoeghGuldberg et al. 2007, Kiers et al. 2010). (D) We investigated the generality of this phenomenon by
testing if breakdown of a facultative mutualism is an important driver of observed intertidal seagrass degradation (Chapter 3). (E) We hypothesize that the breakdown is triggered by enhanced
desiccation, caused by high temperatures, strong winds and/or prolonged exposure at neap tide
(van Lent et al. 1991, Seddon et al. 2000, Massa et al. 2009), and aggravated where local sedimentation differences result in water drainage from elevated patches.

It has been suggested that a facultative three-stage mutualistic interaction between
seagrasses, Lucinid bivalves and their sulfide-oxidizing, gill-inhabiting bacteria play an
important role (Larkum et al. 2006, Reynolds et al. 2007). Paleo records suggest that
Lucinids and their symbiotic gill bacteria arose in the Silurian period (~340 m.y.) and the
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family remained very low in diversity, however, a remarkable evolutionary radiation
occurred at the end of the Cretaceous when the seagrasses and mangroves arose (Taylor
and Glover 2000, Taylor et al. 2011, Stanley 2014). The Cretaceous was a period with a
relative warm climate, coinciding with sea level-rise creating shallow inland seas (Pearson
et al. 2001, Stanley 2014). In the warm shallow waters, the warm-adapted Lucinids benefited from the sulfide-rich muddy sediments provided by seagrasses. This indicates on a
beneficial relationship between Lucinids and seagrasses during their rapid evolutionary
radiation. Till date the Lucinids still have their highest diversity in shallow seas in seagrass beds (Stanley 2014). Many studies have investigated the effects of toxic sulfide on
aquatic plants (see review Lamers et al. 2013) and the symbiosis between the lucinids
and their gill-inhabiting bacteria (e.g. Distel 1998, Taylor and Glover 2006), but empirical
proof of a three-stage mutualistic relationship remained unexplored.
In chapter 2 we experimentally tested the hypothesis that a three-stage mutualistic
interaction plays an important role in these seagrass meadows. We experimentally
showed that seagrasses engage in a mutualistic interaction with Lucinid bivalves Loripes
lucinalis and their sulfide-oxidizing, gill-inhabiting bacteria to reduce sulfide stress, resulting in a positive feedback (chapter 2: Figure A2.1). In turn, the bivalves and their endosymbionts not only profit from sulfide that is indirectly provided by seagrasses due to
organic matter trapping, but also from oxygen released by seagrass roots. Therefore we
concluded that this mutualism was essential for the functioning of seagrass ecosystems in
general and our study system in particular.
There are strong indications that temperature determines mutualistic dependency, as
Lucinids are less common in the temperate zone (56%) and very common in the tropics
where 97% of the seagrass beds contained Lucinids (chapter 2). The anaerobic decomposition by sulphate-reducing bacteria, producing toxic sulfide as a metabolic end-product,
is strongly temperature-dependent (Garcia et al. 2013, Lamers et al. 2013). Therefore, it
is likely that mutualism strength will depend on temperature. In addition, sediment conditions (e.g. organic matter, iron- and carbonate content) also affect sulfide production
and thus likely mutualism dependency (Lamers et al. 2013). Apart from temperature and
sediment conditions, the detoxification capacity of seagrass can play an important role in
sulfide toxicity avoidance and tolerance (Holmer and Hasler-Sheetal 2014, Hasler-Sheetal
and Holmer 2015). Regardless of the plant capacity, it seems that there is a gradient of
mutualism-dependency related to the interaction between sediment conditions and temperatures this hypothesis needs to be further investigated.

DISRUPTION OF BOTTOM-UP FORCES
The alteration of the bottom-up forcing can lead to major disturbance of the ecosystem
(Valiela et al. 1997, Vitousek et al. 1997, van Gils et al. 2006b). For instance, disturbances such as habitat loss and fragmentation, eutrophication, and global warming have
led to biodiversity loss (van Gils et al. 2006b, Tylianakis et al. 2008). Simultaneously, they
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may change the interaction between bottom-up and top-down forcing (Power 1992,
Worm et al. 2002, Hughes et al. 2013). As in our seagrass system, many other marine
foundation species, like salt marches and corals, depend on mutualistic interactions
where they additionally reduce physical stress or gain recourses (Dayton 1972, Knowlton
2001, Stachowicz 2001, Hay et al. 2004, Hoegh-Guldberg et al. 2007, van der Heide et
al. 2012, Angelini et al. in press). The strong community-wide dependence on these interactions also incurs a clear risk: they bind multiple species to one common fate, and disruption of the bottom-up forces may therefore lead to habitat degradation and biodiversity losses (Figure 8.1A-C) (Kiers et al. 2010). Up to now, most of the studies have used
experiments, field surveys, descriptive data or models separately to investigate causes
and consequences of mutualism breakdown (Hoegh-Guldberg et al. 2007, Tylianakis et al.
2008, Kiers et al. 2010, Lever et al. 2014). In this thesis, we are using a combination of
these approaches, including GIS analyses to investigate the breakdown of a facultative
three-stage mutualistic interaction.
Even though multiple stressors have been related to the global decline of seagrass
(Waycott et al. 2009), only just recent research provided the evidence for seagrass
declines as direct effects of increased temperatures or heat events (Marba and Duarte
2010, Jorda et al. 2013, Fraser et al. 2014, Thomson et al. 2015). Initial observations in
our study system, the tropical marine intertidal flats of Banc d’Arguin in Mauritania
(West-Africa), suggested that a seagrass die-off event occurred in 2011. In tropical
regions, low-tide desiccation is a common stressor for seagrasses (van Lent et al. 1991).
In 2010 and 2011, however, the region experienced intense drought and heat (with
monthly anomalies of +2–3.5°C, with respect to long-term monthly temperatures)
(Blunden et al. 2011, 2012, Masih et al. 2014). Although highly speculative, this may
have been linked to the strong 2010–2011 La Niña event that affected the entire Northern
Hemisphere (Masih et al. 2014), an intriguing hypothesis which needs further investigation. In chapter 3 we investigated whether the die-off could be related to low-tide desiccation stress caused by drought, wind and heat anomalies, and if disruption of a feedback
was an important factor of the observed decline. In addition, in chapter 4 we quantified
the stabilizing role of the mutualistic feedback in our seagrass study system.
Analysis of Normalized Difference Vegetation Index (NDVI – a proxy for seagrass
cover) suggests a decrease of seagrass in the same period as the drought and heat events
and was followed by a sharp decline. Although both 2010 and 2011 in Mauritania were
reported warm and characterized by drought, our analyses of local climate data suggest
that the summer of 2011 was particularly warm, windy and dry leading to a high evaporative demand (chapter 3: Figure 3.2). Before showing changes over time, we performed
spatial analyses showing that NDVI was lower at higher elevation, suggesting that desiccation stress during low-tide exposure reduces seagrass cover at higher elevations. This
landscape-scale wide NDVI decrease was supported by ground observations demonstrating a 50% decrease in seagrass cover between 2009 and 2013. Field surveys demonstrated that locally seagrass die-off seemed to typically occur on slightly elevated patches,
where water drainage towards lower patches enhanced desiccation stress at low tide,
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most likely due to subtle differences in local sedimentation rates (Figure 8.1E). Water
drainage during low tide from higher towards lower patches in turn caused elevated
patches to dry much quicker than lower areas. In fact, our measurements show that
healthy patches were typified by a thin water layer on the mudflat, whereas the surface of
degraded patches became dry within a few hours after exposure. In addition, field surveys also showed that degrading seagrass patches had significant lower Lucinid densities
and higher sediment sulfide levels compared to healthy patches. Experimental manipulation of Lucinid densities confirmed that the loss of mutualism strength, triggered by desiccation stress, enhances seagrass degradation (chapter 3). Whether the Banc d’Arguin will
fully recover after 2011 remains unanswered, as till date NDVI values kept rather low
since (Figure 8.2).
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Figure 8.2 (Changes in NDVI in the study area over the period 2002 and 2014. Note that variation
in NDVI is large due to seasonality and images were not corrected for low ground atmospheric condition (e.g. haze due to sandstorms).

Ecosystem shifts following gradual environmental change or perturbations of strong
positive feedbacks have been described for a wide range of ecosystems (Scheffer et al.
2001, van der Heide et al. 2007). Several studies have shown that subtle temperature
increase can lead to shifts in ecosystems states. For example, small climate change-related
phenological shifts between plants and their pollinators have been observed to cause a
mismatch between mutualistic partners (Burkle et al. 2013, Miller-Struttmann et al.
2015); in coral reef mutualisms, subtle temperature increases have been suggested as an
important cause of ‘coral bleaching events’ (Loya et al. 2001, Hoegh-Guldberg et al.
2007). Strong positive feedbacks can cause alternative states (i.e. bistability) (Scheffer et
al. 2001), due to the changing environmental conditions a critical threshold is crossed
causing a shift to an alternative state. If subsequently the conditions improve, they have
to progress beyond the point of collapse, before recovery to the initial state takes place, a
phenomenon called hysteresis. In seagrass meadows, such hysteresis may occur at high
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water column ammonia loading, as ammonia toxicity can only be alleviated through joint
uptake and detoxification of ammonia by ample seagrass meadows of high density (van
der Heide et al. 2008, van der Heide et al. 2010b). The feedbacks described in our seagrass ecosystem may indicate that there might be alternative stable states (bistability)
(chapter 3). In chapter 4 we used a parametrized differential equation model to investigate the importance of the mutualistic interaction for seagrass ecosystem stability, and
test how low-tide desiccation stress affects ecosystem resilience. In addition, to examine
whether our system shows bistability we used potential analysis, a method for detecting
feedbacks and alternate states (Livina et al. 2010; Scheffer et al. 2012). If seagrass changes gradually in response to enhance desiccation stress over the elevation gradient, the
frequency distribution of seagrass cover should be unimodal, whereas feedback-driven
sudden shifts between two states would typically result in a bimodal distribution frequency. A potential analysis can identify peaks in the frequency distribution (‘attractors’)
over an environmental stress gradient.
As argued in chapter 2 (Figure A2.1), our model simulation results show that accumulation of organic matter in an intertidal seagrass meadow results in a negative feedback
created by seagrass itself. The organic matter accumulation results in enhanced sulfide
production and toxicity over time, causing the system to collapse. However, incorporation
of the mutualistic interaction into the model causes the negative effect of seagrass on
itself to be buffered by Loripes by alleviating sulfide toxicity. Simulations of minor
increase in seagrass mortality (as a proxy for desiccation stress), however, triggers disruption of the mutualistic interaction where Loripes is not able to consume all sulfide
produced. This causes sulfide to accumulate slowly to the point where it becomes toxic,
triggering sudden seagrass degradation enhanced by disruption of the mutualistic interaction, sending the system back into cyclic collapse and recovery dynamics. So, our simulation results were indeed consistent with our empirical findings reported in chapter 3.
Although the potential analysis of NDVI data and model simulation results suggests
feedback-driven sudden shifts instead of a gradual response, we did not find evidence for
alternative stable states. Instead, the strong mutualistic feedback causes the occurrence of
so-called “slow-fast” cycles when environmental stress is enhanced, – a phenomenon very
similar to what was proposed as a potential explanation for cyclic shifts in shallow lakes
(van Nes et al. 2007). In our case, the system shows abrupt transitions between a seagrass- and barren state, the states are not stable but tend to stay relatively long in these
conditions. In the background, however, environmental conditions change (sulfide concentrations in this case), this effectively causes cycles with alternating states (seagrass
and bare) and fast changes (collapse and recovery) in between (see for details chapter 4).
Potential analysis on the model results showed that slow-fast dynamics create the same
kind of bimodality in frequency distributions as alternative stable states. So far, this kind
of multimodality has been attributed to alternative stable states (Hirota et al. 2011,
Scheffer et al. 2012, van Nes et al. 2014). However, we need to be cautious drawing conclusion on potential analysis as there are multiple examples of systems which may have
slow-fast dynamics (Ludwig et al. 1978, Barkai and McQuaid 1988, Rinaldi and Muratori
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1992b, a, van Nes et al. 2007, Dakos et al. 2015). Therefore, it is important to have sound
mechanistic insights of the system when interpreting potential analysis. Obviously, there
is a need for debate and further investigation on this topic to put these finding into perspective.

TOP-DOWN EFFECTS?
Predators have a strong top-down regulating effect on the community structure in ecosystem (Hairston et al. 1960, Paine 1980), and changes in the highest trophic level may lead
to a trophic cascade altering ecosystem functioning (Estes et al. 2011). In this thesis we
investigate the role of an abundant avian predator which feeds intensively on benthic
prey, therefore, cascading top-down ecosystem effects can be expected (van Gils et al.
2012). Banc d’Arguin is the main wintering area of the red knot, the subspecies C. c. canutus feeds in the intertidal seagrass beds on molluscs which they ingest whole and crush in
their gizzard (Piersma et al. 1993). The size of their gizzard is rapidly adjusted with hardness of their food, flesh-to-shell ratio (Dekinga et al. 2001, van Gils et al. 2006a). Maintaining a large gizzard is energetically costly and a prey with a high flesh-to-shell ratio is
preferred (van Gils et al. 2005). In Banc d’Arguin red knots mainly have a mixed diet of
the two most abundant bivalves Dosina isocardia and Loripes. The latter is by far the most
abundant prey and has a higher flesh-to-shell ratio as Dosina (chapter 5, van Gils et al.
2013, Oudman et al. 2014). Therefore, one would expect Loripes to be the main prey for
red knots, potentially creating a strong top-down effect by disrupting the bottom-up
mutualistic seagrass-Loripes interaction. In other words, by eating Loripes, toxic sulfide
concentrations will increase and may affect seagrass mortality!
In contrast to these expectations, however, faeces analysis revealed that on average
only 50% of the red knot diet consisted out of Loripes (chapter 5), and the local depletion
(‘giving-up-densities’- GUD) was far less than expected based on earlier experiments on
bare mudflats (see box 1.1) (Piersma et al. 1995, van Gils et al. 2003). Subsequent studies
have shown that the lower dietary contribution of Loripes could be explained by mild toxicity of these bivalves due to the stored sulfide compounds (van Gils et al. 2013, Oudman
et al. 2014). Therefore, red knots prefer the non-toxic bivalve Dosina, however, this
bivalve is less abundant and red knots need to counterbalance their diet with Loripes (van
Gils et al. 2013, Oudman et al. 2014). In addition to any toxicity effects, the higher GUDs
still came as a surprise as red knots have a unique sensory organ in the tip of the bill to
detect hard-shelled prey buried in soft wet sediments without direct contact (‘remote
touch’) (Piersma et al. 1998). So, a priori one would expect that red knots would be capable of locally depleting Loripes in the soft sediments of the seagrass beds. On the contrary,
a pilot experiment revealed that in high seagrass densities red knots could hardly detect
their prey (see box 1.1). So, we asked ourselves how is it possible that a moluscivore
specialist with a spectacular remote prey detection was not able to deplete its prey in
habitat were they spend two-third of their life?
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Over the last two decades, several studies have shown that insights into the morphology and functionality of sensory organs in animals have contributed basic understanding
of habitat selection and foraging distribution of animals searching for prey (Miller and
Surlykke 2001, Sleep and Brigham 2003, Nebel et al. 2005, Cunningham et al. 2010,
Piersma 2012). Predators have evolved multiple ways to detect hidden prey with
advanced sensory organs, however, in some environmental contexts sensory information
may be obscured (Boonman et al. 1998, Wilson et al. 2013). Yet, the relation between
sensory organs, obstruction, and searching efficiency remains little explored. In chapter 6
we experimentally examined whether seagrasses can obstruct prey detection by red knots.
We showed that searching efficiencies decreased with prey depth in seagrass patches, it
appears that the unique sensory organ in the tip of the bill of red knots is obstructed by
the structural complexity of the root system in dense seagrass beds. Capitalizing on this
empirical evidence, physical modelling of the pressure field build-up around a probing bill
showed that in seagrass the pressure field to no longer reveal the presence of the prey. In
bare wet sediment the probing bill of the red knot imposes a spherical pressure gradient,
which drops off from high to low pressure. A buried prey will disturb this gradient as the
flow needs to go around the bivalve. The subtraction of the response of the imposed pulse
with the shell in place and without the shell in place informs the red knot about the
presence of a prey at some radial distance and direction (chapter 6: Figure 6.2) (Piersma
et al. 1998). However, when the shell is situated within a layer of rhizomes, the permeability of this substrate is reduced, and the difference between the induced and the
imposed pressure is dominated by the direct reflection due to the presence of the rhizomes layer. This overwhelms the much weaker pressure difference due to the reflection
by the shell and obscures the directional prey information. Therefore, we concluded that
in seagrass red knots ‘lose their sixth sense’ and can only detect their prey by direct touch
rather than remotely. Relatively few studies have examined remote prey detection and
habitat complexity (but see Cunningham et al. 2010) and to my knowledge especially not
in this mechanistic detail as we have shown in chapter 6.
What are the consequences for red knots when foraging in seagrass rich habitat? In
bare sediment red knots obey the assumptions of Holling’s type II functional response,
with a constant searching efficiency this implies that intake rate in relation to prey density
levels off at high prey densities (Holling 1959, Piersma et al. 1995). In seagrass, however,
searching efficiency is negatively related to seagrass biomass (chapter 6 and 7), in other
words a foraging knot will encounter different searching efficiencies depending on seagrass density. Therefore, seagrass biomass indirectly influences the shape of the functional
response and it may become dome-shaped across a gradient of seagrass densities (Figure
8.3). In addition, one could argue that it would be necessary to include prey depth, as in
seagrass searching efficiency strongly decreased with depth (chapter 6: Figure 6.3A).
Here I would argue that the seagrass-depth dependency of searching efficiency is an
important factor to take into account. A large step has been made by van Gils et al
(2013), in addition to search and handling time and digestive constraints he included the
toxic constraint (toxic-digestive rate model, TDRM). An interesting next step would be to
139

CHAPTER 8

0.4

0.3

intake rate

0.2
0.1
TY

PE

IV

S
RE

E
NS
PO

0
80

RE
PE

II

a

0 s
20 r a s
g

se

SP

0

ON

10
0

0

SE

0
10

de

0 y
30 sit
n

TY

00

4

0

20

pre

0
60 s i t y
n

yd

e

0

40

0

Figure 8.3 Functional response type II changing over a gradient of seagrass density with a positive
association between seagrass density and prey density. As searching efficiency is negatively related
to seagrass biomass, it will indirectly influences the shape of the functional response and it may
become dome-shaped (type IV response) across an increasing gradient of seagrass density (grey
arrow).

incorporate seagrass dependent searching efficiency when estimating intake rates of red
knots in the Banc d’Aruin.
In many more ecosystems, plant structures are good candidates to affect predator-prey
interactions and the acceptance of the existence of ‘higher-order-interactions’ or ‘trophic
interaction modifications’ (TIM’s) go back a few decades (Charnov et al. 1976, Abrams
1983) and have received more attention over the last decade (Brown and Kotler 2004,
Brown 2010). Yet, despite the importance of TIM’s, the net outcome for predator-prey
dynamics where plant structure is related to attack rate of the predator has rarely been
studied. Holt et al. (2010) discussed the interaction between plant level and attack rate
and explored this phenomenon with a Lotka-Volterra model. This indicates on interesting
opportunities for research on red knots and their bivalve prey!
It is interesting to speculate about the red knot – Loripes interaction in an evolutionary
context. Predator and prey are often caught in an arms race (Vermeij 1987). This phenomenon is described as the so called ‘red queen hypothesis’ or the ‘hypothesis of escalation’: prey have evolved to stay in the same place to keep up with their predator and the
other way around (Van Valen 1973, Vermeij 1987). In other words, two interacting
species continue to change, and possibly in directional ways, in response to each other.
Bivalves living in soft sediments show a typical food-safety trade-off which is reflected by
their burrowing depth, which they use as a strategy to reduce predation risk (Zwarts and
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Wanink 1989, Sih 1997, Bom et al. in prep), but increasing burrowing depth reduces food
intake. Not surprisingly, their main avian predators have evolved long bills to find their
buried prey by touch in the sediment by probing (Hulscher 1982). In the case of the red
knot, in addition to their relatively long bills (note that C. c. canutus subspecies has on
average the longest bill, Piersma et al. 1992, Tomkovich 1992), they evolved a spectacular and unique sensory organ in the tip of bill (Piersma et al. 1998), but, as discussed
above, on the seagrass meadows of Banc d’Arguin this organ is obstructed by the dens
belowground root network of seagrass. In fact, seagrass protect its sulfide detoxifier
against its main predator. On top of this, due to its toxicity, Loripes is the less favourable
prey of their two main prey types (Oudman et al. 2014), this may suggest an unknown
chemical defence mechanism for bivalves, which was also described for polychaetes with
similar symbiotic relation with endosymbionts (Kicklighter et al. 2004). From an evolutionary arms race prospective one could argue that Loripes has taken a leap in the arms
race, by effectively escaping their predator (i.e. outpacing the red queen!).
In conclusion, seagrass indirectly conceals its detoxifier for its main predator, by
obstructing the remote touch, and, in combination with the toxicity of the bivalves, preventing disruption of the mutualistic feedback. It appears that a strong trophic cascade
interfering with the mutualistic seagrass-Lucinid interaction, which could be expected
based on the large population size of the avian predator, is lower than expected. In
degrading seagrass beds, however, the top-down effect may start to play a role because
the decrease in seagrass has an additional consequence: it may increase the searching efficiency of the knots again (see above). In chapter 6 we argued that the searching efficiencies of red knots decreased with seagrass biomass, as a consequence red knot should
choose feeding patches with no or low seagrass densities and high prey densities. However, in chapter 7 we could show that such sites hardly exist in Banc d’Arguin. The mudflats here are either sparsely covered by seagrass (low densities of prey that should be
relatively easy to find) or densely covered (high densities of prey that should be harder to
detect). Intake-rate maximizing red knots would have to find an optimum at intermediate
seagrass densities. Indeed, as predicted, our experiments showed that red knots gained
high searching efficiencies at low prey densities in little or no seagrass, and low searching
efficiencies with high prey densities in dense seagrass beds. Using field observations on
red knot densities, we showed that red knots in the field aim for the optimum at intermediate seagrass densities where intake rates potentially are maximized. Although we could
not differentiate between active choice or random choice. Regardless the mechanism
behind their distribution, intake rate were highest on degrading seagrass (chapter 7),
therefore, the top-down effects of red knots may interact with the die-off event by eating
the detoxifying Lucinid bivalves and possibly accelerating seagrass degradation.
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INTERPLAY BETWEEN BOTTOM-UP AND TOP-DOWN EFFECTS
AND ECOSYSTEM COLLAPSE
To investigate the top-down effect of red knots I extended the model presented in chapter
5. Here, I added predation pressure by red knots by assuming an intake rate according a
functional response type II (Holling 1959), Loripes depletion rates based on the toxic-constraint (van Gils et al. 2012, Oudman et al. 2014), and assumed a negative relationship
between searching efficiency and seagrass shoot density, based on our experimental findings in chapter 6. Finally, red knots are for about two-third of the year present in Banc
d’Arguin, so I used 240 red knot simulation days per year (66% of the year).
Interestingly, the model predicted that red knots may not be able to disrupt the mutualistic feedback. One may expect that this is due to the obstruction of seagrass, but in
contrast this was the consequence of the toxic constraint. Red knots are limited in their
Loripes intake rate to a maximum of 0.12 mg flesh AFDM s-1 (Oudman et al. 2014). From
this we can calculate the daily Loripes consumption: assuming an average loripes energy
content is 7.3 mg AFDM (van Gils et al. 2012), and 12 hours feeding per day an individual
red knot can maximally consume 710 loripes day-1 (0.12/7.3×3600s×12h = 710 day-1).
On an annual basis, taking the local average red knot population density into account
(10 ha-1 (van Gils et al. 2009)), red knots thus should consume around 170 Loripes m-2
(710×0.001 m2 × 240 days = 170 m-2). Given that Loripes densities in healthy seagrass
beds are generally very high (up to 3700 ind. m-2) (van der Geest et al. 2011, Ahmedou
Salem et al. 2014) a strong numeric effect of knots on the Loripes population is not likely
there. Indeed, bifurcation analysis showed that predation pressure should be extremely
high to have an effect on the system. Red knot feeding densities should exceed on average 170 birds ha-1 (Figure 8.4) to consume enough Loripes to push the system over a
critical threshold to disrupt the mutualistic feedback causing unstable cyclic behaviour
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Figure 8.4 (A) Bifurcation analysis of the seagrass ecosystem with mutualistic interaction in relation with red knot density (top-down effects). The analysis of red knot density predicts that in a
healthy system (default: seagrass mortality mn : 0.007) the system is unstable showing cycles after
red knot densities are unrealistically high, up to 170 ha-1 (field observations: max. 10 ha-1).
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(Figure 8.4) (note that average red knot densities in Banc d' Arguin may reach 6–10 ha-1:
Zwarts et al. 1990, van Gils et al. 2009). However, as argued above, a more thorough
modelling examination showed that red knots could affect the dynamics of a seagrass bed
in a degrading state. Here, red knots, in natural densities (10 ind. ha-1), are indeed capable to speed up the degrading event by depleting Loripes causing further accumulation of
sulfide (Figure 8.5A-C). In fact, resilience of the mutualistic partnership is diminished
causing the system to collapse earlier (Figure 8.5C). Therefore, we may conclude that the
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Figure 8.5 Model simulations of seagrass
density Z (shoots m-2), sulfide concentrations
S (µmol L-1), organic matter OM (% ×100)
and Loripes density L (ind. m-2) (A-C). (A)
Model simulations at default setting (see
chapter 7) with mutualistic interaction; any
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the system remains stable. (B) A minor
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seagrass background mortality, causes cyclic
collapse-and recovery behaviour in which the
mutualism temporarily buffers against sulfide
toxicity, but is not able to remove all sulfide
produced, eventually causing seagrass collapse. (C) When adding predation pressure on
Loripes, resilience of the mutualistic partnership is diminished causing the system to collapse earlier (grey arrow).
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top-down effect of red knots likely accelerates seagrass degradation. Although it appears
that results from our empirically parameterized model may match the field situation, it is
nevertheless a simplification of reality and interpretation of these results should be taken
with cautious. However, I hope this theoretical exercise is a step in the direction to better
understand the interplay between top-down and bottom-up forces in general, but especially for the Banc d’Arguin intertidal seagrass ecosystem.

ADDITIONAL EFFECTS
Prey giving-up densities are likely seagrass-dependent as searching efficiencies, and may
therefore increase with seagrass densities, this relation is unknown and to really understand the direct top-down effect one should quantify this relationship, this should be
addressed in future work. In addition, the model simulation does not include a number of
effects that we did observe in the field. Apart from desiccation-induced seagrass die-off
and increased sulfide levels, we observed a number of effects that occurred after initiation
of the degradation event. First of all, we observed diatoms locally colonized the degraded
parts and grew over the remaining healthy seagrasses. Secondly, the simultaneously
eroded sediments increased sedimentation rates on the surrounding seagrasses. Finally, it
seems that these effects improved the living conditions of other algae and organisms
which also appeared on the degraded parts (e.g. Vaucheria sp.and Uca sp., Figure 8.6).
Consequently, these effects appeared to aggravate the rate of the decline and may
enhance the downward spiral of habitat degradation.
Apart from eating Loripes, there might be another surprising top-down effect, as
recent observations suggest that red knots eat seagrass rhizomes (van Gils et al. in prep.).
At first sight it is hard to believe that red knots could have an effect, as one m-2 of seagrass beds on average contains 645 gram wet mass of rhizomes and roots. However,
unpublished field- and experimental observation show that red knots seem to choose for
the most energy rich part of seagrass rhizomes, the apical meristem (own observation J.
de Fouw and J. A. van Gils). The apical meristem is the growing part of seagrass (Larkum
et al. 2006) and eating these parts may negatively affect seagrass growth and in turn seagrass mortality. In addition, the demolishment of the belowground physical structure may
also enhance mortality. So, another open question is to get insight in what part of the seagrass red knots exactly eat and in which amount (future work M. Jewell). Finally,
although Loripes is in most years the most abundant bivalve and has important community structuring effects, in this thesis we did not take other benthic species in to account.
As mentioned before, Dosinia, for example, plays an important role and the amount of
Loripes in red knot diet and is strongly correlated with Dosinia (van Gils et al 2013). In
addition, increased predation pressure on Dosinia increased per capita growth rates of
Loripes (van Gils et al. 2012), hinting at complex interacting population dynamics which
also needs further investigation.
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Figure 8.6 Additional effects in a degrading seagrass ecosystem. (A) The simultaneously eroded
sediments increased sedimentation rates on the surrounding seagrasses. (B) Diatoms locally colonized the degraded parts and grew over the remaining healthy seagrasses and (C-D) seem to
improve the living conditions of other algae and organisms which also appeared on the degraded
parts (e.g. Vaucheria sp. and Uca sp.).

IMPLICATIONS FOR CONSERVATION
This thesis shows that bottom-up forces are important drivers of the Banc d’Arguin
ecosystem, although, bottom-up and top-down effects have synergistic impacts on ecosystem functioning and their interaction could in theory explain rapid and large-scale
ecosystem collapse. This thesis also points out a risk of facultative mutualism dependent
marine ecosystems: environmental change can disrupt inherent facultative mutualismdriven positive feedback, causing severe ecosystem change. I therefore suggest that, apart
from gaining in depth knowledge, conservation and restoration should not be based on
the knowledge of a single species or stressor type, but should instead develop a more
process-based integrated network approach taking in to account trophic and non-trophic
interactions (e.g. mutualism, predation and habitat modification) to be able to predict
ecosystem response to environmental change.
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CHAPTER 8

Seagrasses are degrading at an accelerating rate worldwide (Waycott et al. 2009) and
losses are often linked to climatic extremes such as storms, high seawater temperatures,
and low-tide desiccation events in intertidal beds (Seddon et al. 2000, Larkum et al.
2006, van der Heide et al. 2010a, Fraser et al. 2014, Thomson et al. 2015). This thesis
shows that global change may also become a serious risk for the Banc d’Arguin seagrass
ecosystem. The seagrass degradation was initially triggered by enhanced low-tide desiccation stress caused by high evaporation during a drought event. It seems likely that desiccation stress will become a more common phenomenon as long as the world heats up
(IPCC 2014). There are other climate change related effects (e.g. sea-level rise, eutrophication, siltation events and dust-storms) which may have effect on seagrass meadows
(Orth et al. 2006). Therefore, the ongoing monitoring of e.g. bird numbers, benthic community and seagrass meadow state should be given high priority to keep track of changes
which possible could be linked to future global change.
Banc d’Arguin is a classic example where an intertidal seagrass ecosystem harbours a
large diversity of large marine life (cetaceans and sea turtles), seabirds, shorebirds, fish
and smaller marine life, which has a very important socio-economical value nationally
and internationally. At this stage the Banc d’Arguin appears relatively pristine, but at the
shelf-break area just outside the park large industrial fisheries are operating. In addition,
recently there are developments of an offshore oil industry in Mauritanian waters (Burton
and Camphuysen 2003, Camphuysen and van Spanje 2013)
The ongoing developments may in fact be a risk for the protected intertidal seagrass
areas and may disruption bottom-up and top-down forces. It is increasingly recognised
that marine ecosystems are open and interconnected and seagrass meadows are an integral and essential part of this larger marine network (Gillis et al. 2014, McKinnon et al.
2014, van de Koppel et al. 2015). The marine sequence of mangroves, seagrass beds,
coral reefs, continental slope and deeper ocean waters are a typical example of interlinked ecosystems that together form the basis of productivity and biodiversity in tropical
coastal zones (Heck et al. 2008, van de Koppel et al. 2015). Between these ecosystems
there is active and passive exchange of nutrients, detritus, small pelagic fish, predatory
fish, seabirds and marine mammals. This strong reciprocal dependency between seagrass
meadows and other ecosystems makes ecosystem connectivity a functional foundation of
marine biodiversity. A sound understanding of ecological connectivity seems to be crucial,
but it is currently often not taken into consideration in the absence of concrete information. Thus, rather than studying ecosystems in isolation, I argue that the Banc d’Arguin
system should be studied on a broader ecosystem landscape scale. A key component and
challenge for the future would be to increase mutualistic interactions between researchers
studying top-down effects, bottom-up effects, cross-habitat ecological connectivity (e.g.
intertidal versus pelagic) but last but not least between science and the social-economical
needs within the Banc d’Arguin.
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Lucinacea. Faculté de Science, Brest.
Moore, H. B., L. T. Davies, T. H. Fraser, R. H. Gore, and N. R. Lopez. 1968. Some biomass figures from a
tidal flat in Biscayne bay, Florida. Bulletin of Marine Science 18:261–&.
Mun, J., and H. Chun. 2014. Effective simultaneous confidence bands for repeated measurements in linear mixed-effect models. Journal of Statistical Computation and Simulation 84:1748–1760.
N
Nagarajan, R., S. E. G. Lea, and J. D. Goss-Custard. 2006. Seasonal variations in mussel, Mytilus edulis L.
shell thickness and strength and their ecological implications. Journal of Experimental Marine
Biology and Ecology 339:241–250.
Nagelkerken, I. 2009. Ecological connectivity among tropical coastal ecosystems. Springer Science and
Business Media, Dordrecht.
Nakaoka, M., H. Mukai, and S. Chunhabundit. 2002. Impacts of dugong foraging on benthic animal
communities in a Thailand seagrass bed. Ecological Research 17:625–638.
Nebel, S., D. L. Jackson, and R. W. Elner. 2005. Functional association of bill morphology and foraging
behaviour in calidrid sandpipers. Animal Biology 55:235–243.
Nicolaev, S., and T. Zaharia. 2011. Report on the state of the marine and coastal environment in 2010.
NIMRD, Constanta, Romania.
Njau, L. N., and W. M. Thiaw. 2011. Western Africa. in "State of the Climate in 2010" Bulletin of the
American Meteorological Society 92:S1–S266.
Njau, L. N., and W. M. Thiaw. 2012. Western Africa. in "State of the Climate in 2011". Bulletin of the
American Meteorological Society 93:S1–S264.
NOAA/OAR/ESRL/PSD. Montlhly sea surface temperature means 2011. NOAA/OAR/ESRL/PSD, Boulder, Colorado, USA.
O
Oehm, J., A. Juen, K. Nagiller, S. Neuhauser, and M. Traugott. 2011. Molecular scatology: how to
improve prey DNA detection success in avian faeces? Molecular Ecology Resources 11:620–628.
Olff, H., D. Alonso, M. P. Berg, B. K. Eriksson, M. Loreau, T. Piersma, and N. Rooney. 2009. Parallel ecological networks in ecosystems. Philosophical Transactions of the Royal Society B-Biological Sciences
364:1755–1779.
Onrust, J., J. de Fouw, T. Oudman, M. van der Geest, T. Piersma, and J. A. van Gils. 2013. Red Knot diet
reconstruction revisited: context dependence revealed by experiments at Banc d'Arguin, Mauritania.
Bird Study 60:298–307.
Orth, R. J. 1973. Benthic infauna of eelgrass, Zostera marina, beds. Chesapeake Bay Science 14:258– 269.
Orth, R. J., T. J. B. Carruthers, W. C. Dennison, C. M. Duarte, J. W. Fourqurean, K. L. Heck, A. R.
Hughes, G. A. Kendrick, W. J. Kenworthy, S. Olyarnik, F. T. Short, M. Waycott, and S. L. Williams.
2006. A global crisis for seagrass ecosystems. Bioscience 56:987–996.
Orth, R. J., K. L. Heck, and J. van Montfrans. 1984. Faunal communities in seagrass beds: A review of
the influence of plant structure and prey characteristics on predator-prey relationships. Estuaries and
Coasts 7:339–350.
Otero, O. A., and L. J. Romani 2009. Macroinvertebrados asociados a pastos marinos (Thalassia testudinum) en el golfo de Morrosquillo (Zone de Berrugas) Departamento de Sucre. Universidad de
Sucre, Sincelejo, Columbia.
Ottoni, E. B. 2000. EthoLog 2.2: A tool for the transcription and timing of behavior observation sessions.
Behavior Research Methods Instruments & Computers 32:446–449.
Oudman, T., J. Onrust, J. de Fouw, B. Spaans, T. Piersma, and J. A. van Gils. 2014. Digestive capacity and
toxicity cause mixed diets in red knots that maximize energy intake rate. The American Naturalist
183:650–659.

160

REFERENCES

P
Paine, R. T. 1980. Food webs: Linkage, interactions strength and community infrastructure. Journal of
Animal Ecology 49:667–685.
Paulay. 2000. Benthic ecology and biota of Tarawa Atoll lagoon: Influence of equatorial upwelling, circulation and human harvest. Atoll Research Bulletin 487:1–41.
Pearson, P. N., P. W. Ditchfield, J. Singano, K. G. Harcourt-Brown, C. J. Nicholas, R. K. Olsson, N. J.
Shackleton, and M. A. Hall. 2001. Warm tropical sea surface temperatures in the Late Cretaceous
and Eocene epochs. Nature 413:481–487.
Peralta, G., J. L. Perez-Llorens, I. Hernandez, F. Brun, J. J. Vergara, A. Bartual, J. A. Galvez, and
C. M. Garcia. 2000. Morphological and physiological differences between two morphotypes of
Zostera noltii Hornem. from the south-western Iberian Peninsula. Helgoland Marine Research
54:80–86.
Peterson, C. H. 1982. Clam predation by whelks: Experimental tests of the importance of prey size, prey
density, and seagrass cover. Marine Biology 66:159–170.
Philippart, C. J. M. 1995. Seasonal variation in growth and biomass of an intertidal Zostera noltii stand
in the Dutch Wadden Sea. Netherlands Journal of Sea Research 33:205–218.
Piersma, T. 1991. Red Knots in New Zealand eat molluscs too: Preliminary diet observations at Miranda,
Firth of Thames and Farewell Spit in November 1990. Stilt 19:30–35.
Piersma, T. 1994. Close to the edge: energetic bottlenecks and the evolution of migratory pathways in
knots. PhD thesis. University of Groningen.
Piersma, T. 2007. Using the power of comparison to explain habitat use and migration strategies of
shorebirds worldwide. Journal of Ornithology 148:S45–S59.
Piersma, T. 2011. From spoonbill to Spoon-billed Sandpiper: the perceptual dimensions to the niche. Ibis
153:659–661.
Piersma, T. 2012. What is habitat quality? Dissecting a research portfolio on shorebirds. Pages 383–407
in R. J. Fuller, editor. Birds and Habitat: Relationships in Changing Landscapes. Cambridge University Press, Cambridge, UK.
Piersma, T., and N. C. Davidson. 1992. The migration of knots. Wader study group bulletin 64:1–209.
Piersma, T., P. de Goeij, and I. Tulp. 1993a. 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., A. Dekinga, J. A. v. Gils, B. Achterkamp, and G. H. Visser. 2003. Cost-benefit analysis of
mollusc eating in a shorebird I. Foraging and processing costs estimated by the doubly labelled
water method. Journal of Experimental Biology 206:3361–3368.
Piersma, T., A. Koolhaas, and A. Dekinga. 1993b. Interactions between stomach structure and diet
choice in shorebirds. The Auk 110:552–564.
Piersma, T., and Å. Lindström. 2004. Migrating shorebirds as integrative sentinels of global environmental change. Ibis 146:S61–S69.
Piersma, T., G. B. Pearson, R. Hickey, S. Dittmann, D. I. Rogers, E. Folmer, P. Honkoop, J. Drent, P. de
Goeij, and L. March. 2006. Roebuck Bay invertebrate and bird mapping 2006. Royal Netherlands
Institute for Sea Research Texel, The Netherlands.
Piersma, T., P. Prokosch, and B. Bredin. 1992. The migration system of Afro-Siberian Knots Calidris canutus canutus. Wader study group bulletin 64:52–63.
Piersma, T., D. I. Rogers, P. M. Gonzalez, L. Zwarts, L. J. Niles, I. de Lima S.do Nascimento, C. D. T.
Minton, and A. J. Baker. 2005. Fuel storage rates before northward flights in red knots worldwide:
facing the severest ecological constraint in tropical intertidal environments? Pages 262–273 in R.
Greenberg and P. P. Marra, editors. Birds of two worlds: ecology and evolution of migration. Johns
Hopkins University Press, Baltimore.
Piersma, T., R. van Aelst, K. Kurk, H. Berkhoudt, and L. R. M. Maas. 1998. A new pressure sensory
mechanism for prey detection in birds: the use of principles of seabed dynamics? Proceedings of the
Royal Society of London Series B-Biological Sciences 265:1377–1383.
Piersma, T., and J. A. van Gils. 2011. The Flexible Phenotype. A body-centred integration of ecology,
physiology, and behaviour. Oxford University Press Inc, New York.

161

REFERENCES

Piersma, T., J. A. van Gils, P. de Goeij, and J. van der Meer. 1995. Hollings functional-response model as
a tool to link the food-finding mechanism of a probing shorebird with its spatial-distribution. Journal of Animal Ecology 64:493–504.
Piersma, T., Y. Verkuil, and I. Tulp. 1994. Resources for long-distance migration of knots Calidris canutus
islandica and C. c canutus. How broad is the temporal exploitation window of benthic prey in the
western and eastern Wadden Sea. Oikos 71:393–407.
Potts, S. G., J. C. Biesmeijer, C. Kremen, P. Neumann, O. Schweiger, and W. E. Kunin. 2010. Global pollinator declines: trends, impacts and drivers. Trends in Ecology & Evolution 25:345–353.
Power, M. E. 1992. Top-down and bottom-up forces in food webs: Do plants have primacy? Ecology
73:733–746.
Pranovi, F., D. Curiel, A. Rismondo, M. Marzocchi, and M. Scattolin. 2000. Variations of the macrobenthic community in a seagrass transplanted area of the Lagoon of Venice. Scientia Marina 64:
303–310.
Price, M. H. H., C. Darimont, N. N. Winchester, and P. C. Paquet. 2005. Facts from faeces: Prey remains
in wolf, Canis lupus, faeces revise occurrence records for mammals of British Columbia's coastal
archipelago. Canadian Field-Naturalist 119:192–196.
Putman, R. J. 1984. Facts from feces. Mammal Review 14:79–97.
Q
Quesada, V. F., A. C. Jiménez, J. E. H. Díaz, E. E. Hoeflich, D. G. Carbonell, and T. C. Luhrs. 2004. Programa de manejo parque nacional Arrecifes de Xcalak. Mexico National Protected Areas Commission, Mexico City, Mexico.
R
R Development Core Team. 2014. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.
Reise, K. 1985. Tidal flat ecology: an experimental approach to species interactions. Springer-Verlag,
New York.
Reneerkens, J. 2007. Functional aspects of seasonal variation in preen wax composition of sandpipers
(Scolopacidae). PhD thesis. University of Groningen.
Reynolds, L. K., P. Berg, and J. C. Zieman. 2007. Lucinid clam influence on the biogeochemistry of the
seagrass Thalassia testudinum sediments. Estuaries and Coasts 30:482–490.
Rinaldi, S., and S. Muratori. 1992a. Limit cycles in slow-fast forest-pest models. Theoretical Population
Biology 41:26–43.
Rinaldi, S., and S. Muratori. 1992b. Slow-fast limit cycles in predator-prey models. Ecological Modelling
61:287–308.
Rinaldi, S., and M. Scheffer. 2000. Geometric analysis of ecological models with slow and fast processes.
Ecosystems 3:507–521.
Ripple, W. J., E. J. Larsen, R. A. Renkin, and D. W. Smith. 2001. Trophic cascades among wolves, elk and
aspen on Yellowstone National Park’s northern range. Biological Conservation 102:227–234.
Rodolfo-Metalpa, R., F. Houlbreque, E. Tambutte, F. Boisson, C. Baggini, F. P. Patti, R. Jeffree, M. Fine, A.
Foggo, J. P. Gattuso, and J. M. Hall-Spencer. 2011. Coral and mollusc resistance to ocean acidification adversely affected by warming. Nature Climate Change 1:308–312.
Rueda, J. L., and C. Salas. 2008. Molluscs associated with a subtidal Zostera marina L. bed in southern
Spain: Linking seasonal changes of fauna and environmental variables. Estuarine Coastal and Shelf
Science 79:157–167.
Ryer, C. H. 1988. Pipefish foraging. Effects of fish size, prey size and altered habitat complexity. Marine
Ecology Progress Series 48:37–45.
S
Sand-Jensen, K., O. Pedersen, T. Binzer, and J. Borum. 2005. Contrasting oxygen dynamics in the freshwater isoetid Lobelia dortmanna and the marine seagrass Zostera marina. Annals of Botany
96:613–623.

162

REFERENCES

Sanders, D., C. G. Jones, E. Thébault, T. J. Bouma, T. van der Heide, J. van Belzen, and S. Barot. 2014.
Integrating ecosystem engineering and food webs. Oikos 123:513–524.
Scheffer, M., S. Carpenter, J. A. Foley, C. Folke, and B. Walker. 2001. Catastrophic shifts in ecosystems.
Nature 413:591–596.
Scheffer, M., M. Hirota, M. Holmgren, E. H. Van Nes, and F. S. Chapin. 2012. Thresholds for boreal
biome transitions. Proceedings of the National Academy of Sciences of the United States of America
109:21384–21389.
Scheffer, M., S. H. Hosper, M. L. Meijer, B. Moss, and E. Jeppesen. 1993. Alternative equilibria in shallow lakes. Trends in Ecology & Evolution 8:275–279.
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.
Schnitzler, H. U., and E. K. V. Kalko. 2001. Echolocation by insect-eating bats: We define four distinct
functional groups of bats and find differences in signal structure that correlate with the typical
echolocation tasks faced by each group. Bioscience 51:557–569.
Schwarz, A. M., M. Morrison, I. Hawes, and H. J. 2006. Physical and biological characteristics of a rare
marine habitat: sub-tidal seagrass beds of offshore islands. Science for Conservation 269:5–39.
Schweimanns, M., and H. Felbeck. 1985. Significance of the occurrence of chemoautotrophic bacterial
endosymbionts in lucinid clams from Bermuda. Marine Ecology-Progress Series 24:113–120.
Seager, R., A. Hooks, A. P. Williams, B. Cook, J. Nakamura, and N. Henderson. 2015. Climatology,
variability, and trends in the U.S. vapor pressure deficit, an important fire-related meteorological
quantity. Journal of Applied Meteorology and Climatology 54:1121–1141.
Seddon, S., R. M. Connolly, and K. S. Edyvane. 2000. Large-scale seagrass dieback in northern Spencer
Gulf, South Australia. Aquatic Botany 66:297–310.
Sfriso, A., T. Birkemeyer, and P. F. Ghetti. 2001. Benthic macrofauna changes in areas of Venice lagoon
populated by seagrasses or seaweeds. Marine Environmental Research 52:323–349.
Sheppard, S. K., and J. D. Harwood. 2005. Advances in molecular ecology: tracking trophic links
through predator-prey food-webs. Functional Ecology 19:751–762.
Short, F. T., and H. A. Neckles. 1999. The effects of global climate change on seagrasses. Aquatic Botany
63:169–196.
Siebert, T., and G. M. Branch. 2005. Interactions between Zostera capensis and Callianassa kraussi: influences on community composition of eelgrass beds and sandflats. African Journal of Marine Science
27:357–373.
Sih, A. 1997. To hide or not to hide? Refuge use in a fluctuating environment. Trends in Ecology & Evolution 12:375–376.
Silliman, B. R., J. van de Koppel, M. D. Bertness, L. E. Stanton, and I. A. Mendelssohn. 2005. Drought,
snails, and large-scale die-off of southern US salt marshes. Science 310:1803–1806.
Sleath, J. F. A. 1984. Sea bed mechanics. Wiley, New York, NY.
Sleep, D. J. H., and R. M. Brigham. 2003. An experimental test of clutter tolerance in bats. Journal of
Mammalogy 84:216–224.
Smith, S. E., and D. J. Read. 1997. Mycorrhizal Symbiosis. Academic Press, San Diego, CA.
Song, C., C. E. Woodcock, K. C. Seto, M. P. Lenney, and S. A. Macomber. 2001. Classification and change
detection using Landsat TM data: When and how to correct atmospheric effects? Remote Sensing of
Environment 75:230–244.
Sprugel, D. G. 1983. Correcting for bias in Log-transformed allometric equations. Ecology 64:209–210.
Stachowicz, J. J. 2001. Mutualism, facilitation, and the structure of ecological communities. Bioscience
51:235–246.
Stachowicz, J. J., and M. E. Hay. 1999. Mutualism and coral persistence: The role of herbivore resistance
to algal chemical defense. Ecology 80:2085–2101.
Stanley, G. D. 2006. Ecology - Photosymbiosis and the evolution of modern coral reefs. Science 312:
857–858.
Stanley, S. M. 1977. Trends, rates and patterns in the evolution of the bivalvia. in A. Hallam, editor.
Patterns of evolution as illustrated by the fossil record. Elsevier, Amsterdam, The Netherlands.

163

REFERENCES

Stanley, S. M. 2014. Evolutionary radiation of shallow-water Lucinidae (Bivalvia with endosymbionts) as
a result of the rise of seagrasses and mangroves. Geology 42:803–806.
Stephens, D. W., and J. R. Krebs. 1986. Foraging Theory. Princeton University Press, Princeton, NJ.
Stewart, F. J., I. L. G. Newton, and C. M. Cavanaugh. 2005. Chemosynthetic endosymbioses: adaptations
to oxic-anoxic interfaces. Trends in Microbiology 13:439–448.
Stoner, A. W., H. S. Greening, J. D. Ryan, and R. J. Livingston. 1983. Comparison of macrobenthos
collected with cores and suction sampler in vegetated and unvegetated marine habitats. Estuaries
6:76–82.
Systat Software Inc. 2010. SigmaPlot. in E. G. a. A. Software, editor.
T
Tan, S. K., and R. K. H. Yeo. 2010. The intertidal molluscs of Pulau Semakau: Preliminary results of
"project Semakau" Nature in Singapore 3:287–296.
Taylor, J. D., and E. A. Glover. 2000a. Functional anatomy, chemosymbiosis and evolution of the
Lucinidae. Pages 207–225 in E. M. Harper, J. D. Taylor, and J. A. Crame, editors. The Evolutionary
Biology of the Bivalvia. The Geological Society of London, London.
Taylor, J. D., and E. A. Glover. 2000b. Functional anatomy, chemosymbiosis and evolution of the
Lucinidae. Pages 207–225 in The evolutionary biology of the Bivalvia. Geological Society Special
Publications, Geological Society, London.
Taylor, J. D., and E. A. Glover. 2006. Lucinidae (Bivalvia) - the most diverse group of chemosymbiotic
molluscs. Zoological Journal of the Linnean Society 148:421–438.
Taylor, J. D., and E. A. Glover. 2008. Ancient chemosynthetic bivalves: Systematics of Solemyidae from
eastern and southern Australia (Mollusca: Bivalvia). Pages 75–104 in D. P. J. F. and J. A. Phillips,
editors. Proceedings of the 13th International Marine Biological Workshop - The Marine Fauna and
Flora of Moreton Bay, Queensland. Queensland Museum, South Brisbane, Australia.
Taylor, J. D., E. A. Glover, L. Smith, P. Dyal, and S. T. Williams. 2011. Molecular phylogeny and classification of the chemosymbiotic bivalve family Lucinidae (Mollusca: Bivalvia). Zoological Journal of
the Linnean Society 163:15–49.
Taylor, J. D., E. A. Glover, M. Zuschin, P. C. Dworschak, and W. Waitzbauer. 2005. Another bivalve with
dreadlocks: Living Rasta lamyi from Aqaba, Red Sea (Bivalvia: Lucinidae). Journal of Conchology
38:489–497.
Taylor, J. D., and M. S. Lewis. 1970. The flora, fauna and sediments of the marine grass beds of Mahé,
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Summary
The main objective of the research in this thesis was to understand the relative importance of top-down and bottom-up forces on the functioning of tropical intertidal seagrass
meadows. Seagrass beds play an important ecosystem-structuring role through their
capacity to alter abiotic conditions creating strong bottom-up effects. At the same time,
predators can also exert crucial community structuring top-down effects through trophic
cascades in these ecosystems, which suggests that the interplay between top-down and
bottom-up effects may be essential for the functioning of these ecosystems. Key questions
in this thesis were: How can an intertidal seagrass ecosystem function under the constant
risk of biochemical stress conditions (high sulfide levels, bottom-up effects). What is the
function of mutualistic interactions (bottom-up effects)? What is the role of a migrant
top-predator (top-down effects)? And finally, do bottom-up and top-down effects have
synergistic impacts on ecosystem functioning and does this give us better insight into how
seagrass ecosystems may respond to possible enhanced environmental stress condition?
In this thesis, I tried to answer the above question by using model species: seagrass
Zostera noltii, the lucinid bivalve Loripes lucinalis and a migratory avian predator, the red
knot Calidris canutus, in a intertidal tropical ecosystem of a UNESCO Natural World Heritage Site, Banc d’Arguin in Mauritania (West Africa).

BOTTOM-UP FORCES – TROPICAL SEAGRASS MEADOWS
Seagrass beds are essential for coastal zones worldwide, as they provide coastal protection,
act as carbon and nutrient sinks, and serve as keystone habitat for economically valuable
species such as fish. In addition, seagrass beds are known as ‘ecosystem engineers’. Such
ecosystem engineers are able to alter the physical conditions of their environment which
is not only beneficial for themselves, but for many associated species, thereby also called
‘foundation species’. For example, they create a positive feedback by reducing hydrodynamics, stabilizing sediments and accumulating organic matter from the water column.
As a consequence however, seagrass beds also create a negative feedback, because accumulation of organic matter stimulates decomposition controlled by sulphate-reducing
bacteria that produce sulfide, being highly toxic to seagrasses and all other life. How seagrass beds cope with sulfide stress remained a mystery for a long time. Our research
showed that here the three-stage mutualistic interaction plays an important role. Seagrasses engage in a mutualistic interaction with lucinid bivalves (L. lucinalis) and their
sulfide-oxidizing, gill-inhabiting bacteria (‘endosymbionts’) to reduce sulfide stress, resulting in a positive feedback. The gill bacteria consume the toxic sulfide and use it as an
energy source which is also transported to the bivalves. The bivalves and their endosymbionts not only profit from sulfide that is indirectly provided by seagrasses due to organic
matter trapping, but also from oxygen released by seagrass roots (chapter 2).
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DISRUPTION OF BOTTOM-UP FORCES
There is growing evidence that alteration of the bottom-up forcing can lead to major disturbance of the ecosystem. For instance, disturbances such as habitat loss and fragmentation, eutrophication, and global warming have led to biodiversity loss. Simultaneously,
disturbances change the interaction between bottom-up and top-down forcing. As in our
seagrass system, many other marine foundation species, like salt marches and corals,
depend on mutualistic interactions where they additionally reduce physical stress or gain
resources. This strong community-wide dependence on these interactions in these ecosystems also incurs a clear risk: they bind multiple species to one common fate, and disruption of the bottom-up forces may therefore lead to habitat degradation and biodiversity
losses. In this thesis, we used a combination of experiments, field surveys, and descriptive
data, computer models and GIS analyses to investigate the breakdown of a facultative
three-stage mutualistic interaction.
Analysis of Normalized Difference Vegetation Index (NDVI – a proxy for seagrass
cover) suggests a decrease of seagrass in the same period as a drought and heat events.
This period was followed by a sharp decline of seagrass. Although both 2010 and 2011 in
Mauritania were reportedly warm and characterized by drought, our analyses of local
climate data suggest that the summer of 2011 was particularly warm, windy and dry
leading to a high evaporative demand. In chapter 3 we investigated whether the die-off
could be related to low-tide desiccation stress caused by drought, wind and heat anomalies, and if disruption of a feedback was an important factor of the observed decline.
Before showing changes over time, we performed spatial analyses showing that seagrass
cover (NDVI) was lower at higher elevation, suggesting that desiccation stress during
low-tide exposure reduces seagrass cover at higher elevations. This landscape-scale wide
NDVI decrease was supported by ground observations demonstrating a 50% decrease in
seagrass cover between 2009 and 2013. Field surveys demonstrated that degrading seagrass patches had significant lower Loripes densities and higher sediment sulfide levels
compared to healthy patches. Experimental manipulation of Loripes densities confirmed
that the loss of mutualism strength, triggered by desiccation stress, enhances seagrass
degradation (chapter 3). These findings were supported by simulations of a parameterized model, which demonstrated how the mutualism stabilizes intrinsically unstable seagrass beds by alleviating sulfide toxicity. However, a minor increase in seagrass mortality
(as a proxy for desiccation stress) triggers mutualism breakdown, causing seagrass degradation (chapter 4).
Ecosystem shifts following gradual environmental change or perturbations of strong
positive feedbacks have been described for a wide range of systems. Several studies have
shown that subtle temperature increases can lead to shifts in ecosystems states. Strong
positive feedbacks can cause alternative states (i.e. bistability), i.e. due to the changing
environmental conditions a critical threshold is crossed causing a shift to an alternative
state. The feedbacks described in our seagrass ecosystem may indicate that there might
be alternative stable states (chapter 3). To examine whether our system shows bistability
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we used potential analysis, a method for detecting feedbacks and alternative states. If
seagrass changes gradually in response to enhance desiccation stress over the elevation
gradient, the frequency distribution of seagrass cover should be unimodal, whereas feedback-driven sudden shifts between two states would typically result in a bimodal distribution frequency. A potential analysis can identify peaks in the frequency distribution
(‘attractors’) over an environmental stress gradient.
Although the potential analysis of NDVI data and model simulation results suggest
feedback-driven sudden shifts instead of a gradual response, we did not find evidence for
alternative stable states (chapter 3). Instead, the strong mutualistic feedback causes the
occurrence of so-called “slow-fast” cycles when environmental stress is enhanced, – a phenomenon very similar to what was proposed as a potential explanation for cyclic shifts in
shallow lakes. In our case, the system shows abrupt transitions between a seagrass- and
barren state, the states are not stable but tend to stay relatively long in these conditions.
Potential analysis on the model results showed that slow-fast dynamics create the same
kind of bimodality in frequency distributions as alternative stable states. So far, this kind
of multimodality has been attributed to alternative stable states. However, we need to be
cautious drawing conclusion on potential analysis as there are multiple examples of systems which may have slow-fast dynamics. Therefore, it is important to have sound mechanistic insights of the system when interpreting potential analysis. Obviously, there is a
need for debate and further investigation on this topic to put these finding into perspective (chapter 4).

TOP-DOWN EFFECTS OF RED KNOTS?
Banc d’Arguin is the main wintering area of the red knot, where the nominate subspecies
C. c. canutus feeds intensively in the intertidal seagrass beds on molluscs. Because, Loripes
is the most abundant prey and of high energetic quality, one would expect that Loripes is
the main prey for red knots, potentially creating a strong top-down effect by disrupting
the mutualistic seagrass-lucinid interaction. In contrast to our expectations, faeces analysis revealed that on average only 50% of the red knot diet consisted out of Loripes (chapter 5), and the local depletion (‘giving-up-densities’- GUD) was far less than expected
based on earlier experiments in the Wadden Sea. Recent studies showed that the lower
dietary contribution of Loripes could be explained by mild toxicity of these bivalves due to
the stored sulfide compounds. Therefore, red knots need to counterbalance their diet with
other bivalves.
The higher GUDs came to a surprise as red knots have a unique sensory organ in the
tip of the bill to detect hard-shelled prey buried in soft wet sediments without direct contact (‘remote touch’). So, a priori one would expect that red knots would be capable of
depleting Loripes in the soft sediments of the seagrass beds, but on the contrary, our
research showed that in high seagrass densities red knots detect their prey by direct touch
rather than remotely. Physical modelling of the pressure field build-up around a probing
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bill showed that in seagrass the pressure field to no longer reveal the presence of the prey
(chapter 6). In fact, seagrass indirectly conceals its detoxifier for its main predator, by
obstructing the remote touch, and, in combination with the toxicity of the bivalves, preventing disruption of the feedback. It appears that a strong trophic cascade interfering
with the mutualistic seagrass-lucinid interaction, which could be expected based on the
large population size of the avian predator, is lower than expected.
In degrading seagrass beds, however, top-down effect may start to play a role again as
knots may find their prey more efficiently in this type of habitat. In chapter 6 we argue
that the searching efficiencies of red knots decreased with seagrass biomass, as a consequence red knot should choose feeding patches with no or low seagrass densities and
high prey densities. However, in chapter 7 we could show that such sites hardly exist in
Banc d’Arguin. The mudflats here are either sparsely covered by seagrass with low densities of prey that should be relatively easy to find, or densely covered with high densities
of prey that should be harder to detect. Intake-rate maximizing red knots would have to
find an optimum at intermediate seagrass densities. Indeed, as predicted, our experiments showed that red knots attained high searching efficiencies at low prey densities in
degrading patches with little or no seagrass, and low searching efficiencies with high prey
densities in dense seagrass beds. Using field observations on red knot densities, we
showed that red knots in the field are found at intermediate seagrass densities where
intake rates potentially are maximized. Although we could not differentiate between
active choice or random choice. Regardless the mechanism behind their distribution,
intake rate were highest on degrading seagrass (chapter 7), therefore, the top-down
effects of red knots may interact with the die-off event by depleting detoxifying Lucinid
bivalves and possibly accelerating seagrass degradation.

INTERPLAY BETWEEN BOTTOM-UP AND TOP-DOWN EFFECTS
To investigate the top-down effect of red knots the model presented in chapter 5 was
extended, by adding predation pressure by red knots. Here, I assumed an intake rate
according a functional response type II, Loripes depletion rates based on the toxic-constraint and assumed a negative relationship between searching efficiency and seagrass
shoot density, based on our experimental findings in chapter 6. Interestingly, the model
predicted that red knots may not be able to disrupt the mutualistic feedback in healthy
seagrass. One may expect that this is due to the obstruction of seagrass, but in contrast
this was the consequence of the toxic constraint, which limits red knots in their Loripes
intake rate (chapter 8). Model bifurcation analysis showed that predation pressure should
be extremely high to have an effect on the system. Red knot feeding densities should
exceed on average 170 birds ha-1 to consume enough Loripes to push the system over a
critical threshold to disrupt the mutualistic feedback causing unstable cyclic dynamics
(note that average red knot densities in Banc d’Arguin may reach 6–10 ha-1). In degrading seagrass, however, as argued above, red knots may affect the dynamics of a seagrass
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bed. A more thorough modelling examination showed that, red knots, in natural densities
(10 ind. ha-1), are indeed capable to speed up the degrading event by depleting Loripes
causing further accumulation of sulfide and seagrass degradation. Therefore, we may
conclude that the top-down effect of red knots likely accelerates the runaway degradation
of the seagrass beds. The modelling exercise in chapter 8 is obviously a simplification of
reality and interpretation of these results should be taken with cautious. But this theoretical exercise is a step in the direction to better understand the interplay between top-down
and bottom-up forces in general, but especially for the Banc d’Arguin intertidal seagrass
ecosystem.
In conclusion, this thesis shows that bottom-up forces are driving the Banc d’Arguin
ecosystem, although, bottom-up and top-down effects have synergistic impacts on ecosystem functioning and that their interaction can explain rapid and large-scale ecosystem
collapse. Although our model species, the red knot is studied in detail, it appears that
prey detection works significantly different in seagrass beds than on bare mudflats in the
Wadden Sea. This thesis also points out a risk of mutualism dependent marine ecosystems: environmental change can disrupt inherent mutualism-driven positive feedback,
causing severe ecosystem change. I therefore emphasize that conservation and restoration
should not focus on a single species or stressor type, but should instead develop a more
process-based integrated network approach taking into account trophic and non-trophic
interactions (e.g. mutualism, predation and habitat modification) to be able to predict
ecosystem response to environmental change.
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Grenzend aan de Sahara en de Oost-Atlantische Oceaan ligt het Waddengebied Banc d’Arguin. Het natuurgebied is er een van contrasten. Aan de landkant bevind zich een droge
warme woestijn waar leven amper mogelijk is. Aan de zeekant barst het van het leven
met een zeer hoge biodiversiteit. Varend door het gebied kun je dolfijnen, gitaarroggen en
zelfs schildpadden tegenkomen. De wadplaten, die 2 keer per dag bij laagwater 6 tot 8
uur droogvallen, worden bedekt met zeegras (met name Zostera noltii). In dit zeegras
leven schelpdieren, kleine garnaaltjes, krabben etc. die zich voeden met zeegras, algen of
nog kleinere levende organismen. Het leven in het wad voedt op hun beurt de twee miljoen wadvogels die gedurende de winter hier onder warme tropische omstandigheden
overleven. Dit maakt Banc d’Arguin het belangrijkste overwinteringsgebied voor wadvogels in de Oost-Atlantische migratie route. Deze migratieroute bestaat uit een keten van
waddengebieden waaronder onze Waddenzee die deze massale migratie, voor sommige
vogels tot in de Arctic, mogelijk maakt. De diversiteit aan leven en het belang van Banc
d’Arguin, ook voor onze Waddenzee, is iets wat Nederlandse ecologen al sinds begin jaren
tachtig inspireert om er onderzoek te doen.
Zeegrasvelden zijn essentiële ecosystemen voor kustzones wereldwijd. Ze bieden kustbescherming, fungeren als koolstofopslag, recyclen voedingsstoffen en dienen als sleutelhabitat voor economisch waardevolle soorten zoals vis. Zeegrasvelden worden wereldwijd
bedreigd door toegenomen menselijke activiteiten in de kustgebieden. De achteruitgang
is vergelijkbaar met die van koraalriffen en tropisch regenwoud. Op veel plaatsen wordt
daarom geprobeerd om deze ecosystemen te beschermen of te herstellen. Het onderzoek
in dit proefschrift probeert hier aan bij te dragen door onderzoek te doen in een relatief
ongerept zeegras ecosysteem.
De belangrijkste doelstelling van dit proefschrift was het functioneren van een tropisch
inter-getij zeegrasveld inzichtelijker te maken. Zeegrassen staan ook bekend als ‘biobouwers’ of ‘ecosysteem ingenieurs’. Biobouwers passen hun omgeving aan door bijvoorbeeld
golven te breken, het water helder te maken of een vaste ondergrond te vormen op de
anders zandige zeebodem. Zo creëren ze geschikte leefomstandigheden voor zichzelf én
voor veel andere soorten. Zeegrassen hebben daardoor een belangrijke sturende rol als
fundering van onderuit het ecosysteem (bottom-up). Tegelijkertijd kunnen predatoren,
zoals wadvogels, een cruciale rol spelen door het ecosysteem van bovenaf te beïnvloeden
door bijvoorbeeld schelpdieren te eten (top-down). In dit proefschrift heb ik onderzocht in
welke mate het samenspel tussen bottom-up en top-down effecten het functioneren van
een waddenecosysteem kunnen bepalen. Belangrijke vragen in dit proefschrift zijn: Hoe
kan een zeegrasveld functioneren onder het voortdurende risico van biochemische stress
(hoge sulfide concentraties, bottom-up)? Wat is de functie van een gespecialiseerd partnerschap (mutualisme, bottom-up effect)? Wat is de rol van een migrerende predator
(top-down effect)? En tot slot, wat voor effect heeft het samenspel van bottom-up en
top-down effecten op de werking van dit waddenecosysteem en kunnen we, door deze
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processen inzichtelijk te maken, beter voorspellen hoe een zeegrasveld reageert op veranderende milieuomstandigheden?
In dit proefschrift heb ik bovenstaande vragen onderzocht met behulp van modelsoorten, waaronder zeegras, Z. noltii, een tweekleppig schelpdier, Loripes lucinalis, en een
migrerende predator, de kanoet Calidris canutus, in een tropisch inter-getij zeegrasveld in
het UNESCO wereldnatuur erfgoed, Banc d'Arguin in Mauritanië (West-Afrika).

BOTTOM-UP EFFECTEN: TROPISCH ZEEGRASVELD
Zeegrassen creëren vaak een positieve terugkoppeling (feedback) door de hydrodynamica
(bijv. golfslag) te verminderen, sediment te stabiliseren en accumulatie van organisch
materiaal uit de waterkolom te bevorderen. Dat laatste veroorzaakt een negatieve terugkoppeling omdat geaccumuleerd organisch materiaal wordt omgezet in het giftige sulfide,
een gasvormige stof met een typische rotte-eieren lucht. Hoe zeegrassen konden omgaan
met deze hoge sulfide concentraties was voor een lange tijd een mysterie. Een gespecialiseerd partnerschap (mutualisme) bleek hier cruciaal voor te zijn. Zeegrassen krijgen
namelijk hulp van schelpen van de familie Lucinidae (L. lucinalis) en de bacteriën die in
de kieuwen leven van de schelpen. Deze kieuwbacteriën oxideren namelijk het giftige sulfide voor hun energievoorziening waardoor ze de sulfide concentraties verminderen. Dit
resulteert in een positieve terugkoppeling die in feite de negatieve terugkoppeling, de sulfide productie, breekt. De kieuwbacteriën geven op hun beurt weer belangrijke voedingsstoffen aan de schelp. Naast het gebruik van de sulfide, profiteren de schelpen en de
kieuwbacteriën ook van het zuurstof, wat door het zeegras met behulp van hun wortels in
de zuurstofarme bodem wordt gepompt (hoofdstuk 2).

VERSTORING VAN BOTTOM-UP EFFECTEN
Naast zeegras zijn er nog veel meer mariene biobouwers die hulp krijgen van eencellige
organismen. Koralen kunnen zonder deze samenwerking zelfs niet overleven. Hoewel
zeegrassen, kwelderplanten en mangrovebomen niet altijd samenwerken met andere
soorten, krijgen ook zij vaak hulp. Echter, doordat dit soort ecosystemen vaak leunen op
deze samenwerking is er ook een groot risico. Bij het uiteenvallen van de samenwerking
kan het hele ecosysteem uit elkaar vallen, wat gepaard kan gaan met verlies van de biodiversiteit. Een klassiek voorbeeld is wanneer koralen de algen waarmee ze samenwerken
afstoten onder invloed van klimaatsverandering (hittegolven) met als gevolg het ‘verbleken’ van korraalriffen. Dat zulke veranderingen niet alleen de koraalsymbiose bedreigen,
maar ook een vergelijkbare samenwerking in zeegrasecosystemen laten we zien in hoofdstuk 3.
Analyse van satellietbeelden (NDVI als proxy voor zeegrasbedekking) lieten zien dat
een droge warme periode zorgde voor een versterkte afname van zeegras. Hoewel het
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klimaat in Mauritanië normaal erg warm en droog is, liet onze lokale klimaat analyse zien
dat de zomer van 2011 bijzonder warm, winderig en droog was. Dit heeft mogelijk geleid
tot een hoge verdampingsemissies van het zeegrasveld, met verdroging als gevolg. In
hoofdstuk 3 onderzochten we of de waargenomen zeegrasafname kan worden gerelateerd
aan droogtestress tijdens laagwater die wordt veroorzaakt door de extreme weersomstandigheden. Daarnaast onderzochten we of de verstoring van het mutualisme een belangrijke bijdrage heeft aan de zeegrasafname. Een ruimtelijke analyse van de satellietbeelden
liet zien dat zeegras op de hogere delen eerder afnam dan op de lagere delen, wat een
indicatie is dat zeegras op de hogere delen langer blootgesteld werd aan droogtestress tijdens laagwater. De daling in NDVI wordt ondersteund door veldwaarnemingen. Samen
lieten zij een daling zien van 50% tussen 2009 en 2013. Veldwaarnemingen lieten eveneens zien dat de afstervende zeegrasplekken aanzienlijk minder sulfide consumerende
Loripessen bevatten daardoor veel hogere sulfide concentraties bevatten dan de gezonde
zeegras delen. Een veldexperiment liet zien dat versterking van de samenwerking, door
toevoeging van schelpen, het verdroging degradatie proces kon vertragen (hoofdstuk 3).
Een computermodel bevestigde onze bevindingen en liet zien dat de samenwerking tussen de schelpen en het zeegras een belangrijke buffer tegen sulfide stress was. Echter, een
kleine toename in zeegras mortaliteit zorgde er voor dat de samenwerking uit elkaar viel
met een sterke afname in zeegras als gevolg (hoofdstuk 4). Dit liet dus zien dat een
kleine verandering in omgevingsfactoren, leidend tot verhoogde mortaliteit van het zeegras, al een desastreus effect kon hebben.
Verschillende studies hebben aangetoond dat subtiele toename in de temperatuur tot
verschuivingen in ecosystemen kunnen leiden. Verstoring van systemen met sterke positieve terugkoppelingen kunnen leiden tot twee alternatieve evenwichtstoestanden. Als
gevolg van de veranderende milieuomstandigheden wordt een kritische drempel overschreden, waardoor het systeem verschuift van de ene naar de andere evenwichtstoestand. De terugkoppeling beschreven voor ons systeem kan mogelijk leiden tot alternatieve evenwichtstoestanden (hoofdstuk 3). Om dit te onderzoeken gebruikten we een
analyse (‘potential analysis’) die terugkoppelingen of alternatieve evenwichtstoestanden
kan detecteren. Hoewel de analyse van de satellietbeelden en onze modelsimulaties wijzen op een terugkoppeling gedreven verschuiving in toestanden, vonden we geen bewijs
voor alternatieve evenwichtstoestanden (hoofdstuk 3). Wel zagen we dat verstoring van
de sterke mutualistische terugkoppeling zorgt voor zogenaamde cycliciteit onder invloed
van verhoogde stress. In ons geval veranderde het systeem abrupt van een toestand met
veel zeegras naar een toestand zonder zeegras. Deze toestanden zijn niet stabiel, in
tegenstelling tot systemen met alternatieve stabiele evenwichtstoestanden, maar blijven
relatief lang hangen in deze toestand om vervolgens zeer abrupt te shiften naar de andere
toestand. Ons onderzoek liet zien dat dit soort cycliciteit veel parallellen vertoont met
systemen met alternatieve evenwichtstoestanden. Echter de dynamiek die werd blootgelegd door onze analyse is tot op heden toegeschreven aan dynamiek met alternatieve
evenwichtstoestanden. Voorzichtigheid is dus geboden tijdens de interpretatie van de uitkomsten van dergelijke analyses aangezien er meerdere voorbeelden zijn van ecosystemen
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die dezelfde soort dynamiek als ons systeem kunnen hebben. Het is daarom belangrijk
goede mechanistische inzichten te hebben van een studiesysteem voor dergelijke analyses
worden toegepast. Dit vraagt om een breed debat en verder onderzoek omtrent dit onderwerp, zodat het één ander in het juiste perspectief gezet kan worden (hoofdstuk 4).

TOP-DOWN EFFECTEN VAN KANOETEN?
Banc d'Arguin is een van de belangrijkste overwinteringsgebieden van de kanoet. De
ondersoort C. c. canutus eet hier voornamelijk schelpen in een zeegrasveld. Omdat Loripes
de meest voorkomende schelp is, en een hoge voedingswaarde heeft, zou men verwachten dat Loripes de belangrijkste prooi is met als gevolg een mogelijk sterk top-downeffect
door het verstoren van de samenwerking tussen het zeegras en Loripes. In tegenstelling
tot onze verwachtingen bleek dat gemiddeld slechts 50% van het dieet bestond uit Loripes (hoofdstuk 5). Recente studies toonden aan dat de lagere dieet bijdrage van Loripes
kan worden verklaard door milde toxiciteit van deze schelpen als gevolg van de opgeslagen sulfide verbindingen (opgeslagen door de kieuwbacteriën). Door de toxiciteit moeten
kanoeten hun dieet aanvullen met andere prooien.
Kanoeten beschikken over een uniek zintuig in het puntje van hun snavel. Hiermee
kunnen kanoeten begraven prooien detecteren in het natte sediment zonder direct contact ('remote touch') en zijn ze instaat om prooien erg snel te vinden. Dus zou men verwachten dat kanoeten in staat zouden moeten zijn om Loripes plaatselijk te kunnen weggeten. Maar wat blijkt in hoge zeegras dichtheden hebben kanoeten moeite met het
detecteren van hun prooien en vinden ze hun prooien op basis van directe aanraking in
plaats van op afstand. Een computermodel, die de druk opbouw van de snavel van de
kanoet simuleerde, liet zien dat het gecreëerde drukveld niet langer de prooien zichtbaar
maakte in zeegras (hoofdstuk 6). In feite verbergt zeegras indirect zijn detoxificerende
schelp voor zijn belangrijkste predator. In combinatie met de toxiciteit van de schelpen
voorkomt dit de verstoring van de mutualistische terugkoppeling. Het blijkt dus dat een
sterke doorwerking van bovenaf door de voedselketen, die kon worden verwacht op basis
van de grootte van de kanoeten populatie, hun efficiënte zoeken en gunstige vlees/schelp
verhouding in Loripes, lager is dan verwacht.
In afstervende zeegrasvelden is echter wel een sterk effect van de kanoeten mogelijk.
Onder deze omstandigheden kunnen kanoeten hun prooien weer makkelijker vinden
omdat hier het zeegras afneemt. In hoofdstuk 6 lieten we zien dat de prooi zoekefficiëntie
van de kanoeten afnam met zeegrasdichtheid. Dit heeft als gevolg dat kanoeten moeten
zoeken naar plekken met weinig zeegras en veel prooien. Echter in hoofdstuk 7 hebben
we laten zien dat zulke plekken nauwelijks voorkomen in de Banc d'Arguin. De plekken
met weinig zeegras bevatten eigenlijk altijd ook weinig prooien, terwijl plekken met veel
prooien altijd in dichte zeegrasmatten liggen. Om genoeg te kunnen eten om te overleven
moeten kanoeten opzoek naar een optimum, wat te vinden is in intermediaire zeegrasdichtheden. En inderdaad zoals voorspeld lieten onze experimenten zien dat kanoeten
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hun hoogste zoekefficiëntie behaalden in degraderende zeegras met intermediaire zeegrasplekken met relatief lage prooidichtheid en een lage zoekefficiëntie op plekken met
veel prooien en hoge zeegrasdichtheden. Met behulp van veldwaarnemingen van kanoeten dichtheden, toonden we aan dat kanoeten inderdaad de hoogste dichtheden behaalden op plekken met intermediair zeegras waar ze potentieel hun hoogste voedsel opname
behalen. We konden helaas niet laten zien of kanoeten actief opzoek gingen naar deze
plekken of dat ze willekeurig verspreid waren. Ongeacht het exacte mechanisme achter
de verspreiding, zoekefficiënties zijn het hoogste in plekken met intermediair zeegras
(hoofdstuk 7). Het top-down effect is hier dus schijnbaar mogelijk met als gevolg dat
kanoeten de afbraak van de mutualistische interactie en daarmee degradatie van het ecosysteem kunnen versnellen.

SAMENSPEL TUSSEN BOTTOM-UP EN TOP-DOWN EFFECTEN
Om het mogelijk top-down effect van kanoeten te onderzoeken is het model uit hoofdstuk
5 uitgebreid met kanoeten. Het model voorspelt dat kanoeten niet in staat zijn om
genoeg schelpen weg te eten om de mutualistische interactie te kunnen verstoren. In eerste instantie verwachten we dat dit toe te schrijven is aan de zeegrasobstructie. Maar, in
tegenstelling tot de verwachting, was dit het gevolg van de toxiciteit van de schelpen.
Kanoeten zijn hierdoor beperkt in hun opnamesnelheid (hoofdstuk 8). Een model analyse
toonde aan dat predatiedruk erg hoog moet worden om effect te kunnen hebben. Kanoeten moeten namelijk een gemiddelde dichtheid van 170 vogels ha-1 halen, om genoeg
Loripessen weg eten om het systeem onder een kritische drempel te duwen, zodat ze de
mutualistische interactie verstoren (gemiddelde kanoeten dichtheden in Banc d’Arguin
zijn 6–10 vogels ha-1). Echter zoals hierboven opgemerkt, liet het model ook zien dat in
gedegradeerde zeegrasvelden kanoeten in natuurlijk dichtheden mogelijk instaat waren
om het degradatie proces te versnellen. Door hier de resterende Loripes weg te eten nam
het giftige sulfide toe. Daarom kunnen we concluderen dat het top-down effect van
kanoeten waarschijnlijk een cumulatief effect is wat het afsterven van het zeegras doet
versnellen. Het computermodel uit hoofdstuk 5 en 8 is uiteraard een vereenvoudiging van
de werkelijkheid en de interpretatie van deze modelresultaten moeten met voorzichtigheid worden behandeld. Deze theoretische oefening is een stap in de richting om de
wisselwerking tussen top-down en bottom-up krachten in het algemeen beter te begrijpen
maar vooral voor het Banc d'Arguin inter-getij zeegras ecosysteem.
De conclusie van dit proefschrift is dat het samenspel tussen bottom-up en top-down
effecten een belangrijke bijdrage levert aan het functioneren van een tropisch wadden
zeegras ecosysteem. En dat de interactie tussen deze effecten het uit elkaar vallen van
een ecosysteem mogelijk verklaart. Hoewel onze modelsoort, de kanoet, in detail is bestudeerd, blijkt dat prooidetectie aanzienlijk anders werkt in zeegrasvelden dan op kale wadplaten in de Waddenzee. Dit proefschrift wijst ook op een risico van mariene ecosystemen
die leunen op een mutualistische interacties. Door kleine veranderingen in het milieu kan
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de interactie verbreken, waardoor het ecosysteem zeer verstoort raakt. Daarom is het verstandig om bij het behoud en de herstelmaatregelen van ecosystemen niet één organisme
of één soort verandering in de omgeving te volgen, maar een proces-georiënteerd geïntegreerd netwerk van meerdere processen tegelijkertijd, zoals de interacties binnen de voedselketen (bijvoorbeeld mutualisme, predatie en biobouwers). Hierdoor kan beter een vinger aan de pols gehouden worden en/of beter voorspeld worden hoe een ecosystem kan
reageren op verstoring.
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Résumé
Le parc national du Banc d’Arguin se situe entre le désert du Sahara et l’océan Atlantique.
C’est un espace naturel plein de contrastes. Du côté mer la vie est abondante et la biodiversité exceptionnelle, du côté désert un climat chaud et sec où la vie est presque impossible. Les balades en bateau sont riches en découvertes et les rencontres avec les dauphins,
tortues de mer et raies-guitares ne sont pas rares. A marée basse laissent apparaître deux
fois par jour les herbiers de zostères (Zostera noltii). Dans ces herbiers vivent entre autres
des mollusques, de petites crevettes en des crabes qui se nourrissent de zostère, d’algues
et de plus petits organismes vivants. Ces petits animaux des herbiers marins servent à
leur tour de nourriture à deux millions d’oiseaux venant hiverner dans le parc. Le parc
national du Banc d’Arguin est ainsi le domaine d’hivernation le plus important pour les
oiseaux suivant la voie de migration atlantique est. Cette route migratoire est constituée
d’une chaine de vasières avec entre autres les vasières de la mer de Wadden, rendant possible la migration de certaines espèces jusqu’en Arctique. La richesse en biodiversité et
l’importance du Banc d’Arguin pour les sites tels que la mer de Wadden intéresse et
inspire chercheurs et écologues depuis les années quatre-vingt.
Les herbiers de zostères constituent à l’échelle mondiale des écosystèmes essentiels
pour les zones côtières. Il protègent les cotes de l’érosion, emmagasinent le dioxyde de
carbone, recyclent les éléments nutritifs et abritent des espèces économiquement importantes comme les poissons. Ces herbiers sont menacés à l’échelle mondiale par l’augmentation des activités humaines dans les zones côtières. Le déclin de ces herbiers est comparable à celui des barrières de corail et des forêts tropicales.
Le but le plus important de ma thèse est de contribuer par la recherche à la protection
et à la restauration des herbiers de zostères. Pour cela il faut étudier et essayer de comprendre le fonctionnement de ces herbiers intertidaux. Les herbiers de zostères sont aussi
connus en tant que bio-constructeurs et d’ingénieurs des l’écosystèmes marins. Ces bioconstructeurs marins influencent leur environnement en cassant l’effet des vagues, en
fixant les sédiments des fonds sableux, rendant ainsi l’eau plus claire. Les zostères créent
ainsi des conditions de vie adéquates pour elles même et pour de nombreuses autres
espèces. Les zostères jouent aussi un rôle important dans l’établissement des bases nécessaires á la construction de leur propre écosystème (bottom-up). De la même façon, les
prédateurs jouent un rôle crucial en influençant leur écosystème, par exemple en se nourrissant de mollusques (top-down). Lors de ma thèse j’ai étudié l’influence du rapport
bottom-up/top-down sur le fonctionnement de l’écosystème des vasières.
Les questions que je me suis posé sont: Comment fonctionne un herbier de zostères
sous l’effet permanent d’un stress biochimique (haute concentration en sulfites, bottomup)? Quelle est la fonction des collaborations spécifiques (mutualisme, bottom-up
effect)? Quel est le role d’un prédateur migrateur (top-down effect)? Et enfin, quelle est
l’influence du rapport bottom-up/top-down sur le fonctionnement de l’écosystème des
vasières et pouvons nous par l’étude de ces processus mieux prédire les réactions des her184
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biers de zostères aux modifications que subit leur environnement.
Lors de ma thèse j’ai cherché la réponse à ces questions en prenant pour model d’étude les zostères (Z. noltii), un mollusque bivalve, Loripes lucinalis et un prédateur migrateur, le bécasseau maubèche Calidris canutus, dans un herbier de zostères tropical intertidal du Parc National du Banc d’Arguin en Mauritanie.

EFFETS BOTTUM-UP HERBIER DE ZOSTÈRES TROPICAL
Les zostères créent souvent une réaction positive (feedback) sur leur environnement
direct en diminuant par exemple l’effet hydrodynamique (influence des vagues), en stabilisant les sédiments marins et en favorisant l’accumulation de la matière organique. La
matière organique ainsi accumulée est transformée en sulfite, gaz toxique avec une odeur
typique d’œufs pourris. Comment les herbiers de zostères peuvent survivre à de telles
concentrations de sulfites était jusqu’ici un mystère. La solution semble résider dans la
relation particulière qu’entretiennent les zostères avec le mollusque bivalve Loripes lucinalis (mutualisme). Dans les branchies de ce mollusque vivent des bactéries capables
d’oxyder les sulfites pour produire de l’énergie. C’est de cette façon qu’elles réduisent la
concentration environnante en sulfites. Les bactéries des branchies produisent à leur tour
des éléments nutritifs importants pour le mollusque. Ces mollusques et leurs bactéries ne
profitent pas seulement des sulfites mais aussi de l’oxygène que les zostères pompent
dans le sol grâce à leurs racines. (Chapitre 2).

PERTURBATION DE L’EFFET BOTTOM-UP
Les zostères ne sont pas les seuls organismes marins bio-constructeurs recevant l’aide
d’organismes unicellulaires. Le corail ne peut exister sans ce type de collaboration. Cette
forme de collaboration qu’établissent les zostères mais aussi les plantes des prés salés et
les arbres des mangroves avec d’autres espèces est fragile. Il suffit que l’un des partenaires
disparaisse pour qu’un ’écosystème tout entier soit mis en danger (Chapitre 3).
L’analyse d’images satellites montre une diminution de taille des herbiers de zostères
suite aux périodes chaudes et sèches. Bien que le climat Mauritanien soit habituellement
chaud et sec, les études climatiques ont montré que l’été 2011 fut en particulier très
chaud, venteux et sec, ce qui a accentué le processus d’évaporation de l’eau dans les herbiers de zostères. Dans le chapitre 3 nous avons étudié la relation entre la diminution de
la taille des herbiers de zostères et le stress du aux conditions climatiques extrêmes,
accentuant la sécheresse à marée basse. A côté de cela nous avons étudié l’influence de la
perturbation du mutualisme sur le rétrécissement des herbiers de zostères. L‘analyse des
images satellites montre que la concentration en zostère diminue plus rapidement dans
les parties hautes des herbiers que dans les parties basses. En effet, les zostères situées
dans les parties hautes de l’herbier sont à marée basse plus longtemps soumise à l’effet de
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stress produit pas la sécheresse. L’analyse des images satellites et les observations faites
sur le terrain montrent une diminution de taille de 50% entre 2009 et 2013. Les observations sur le terrain révèlèrent aussi une faible concentration de mollusques bivalves Loripes dans les parties mourantes de l’herbier, induisant ainsi une plus forte concentration en
sulfites que dans ces parties de l’herbier que dans celles étant encore en bonne santé. Une
expérience effectuée sur le terrain a montré qu’il est possible de retarder la dégradation
des zostères en ajoutant des coquillages Loripes à l’environnement des zostères (chapitre
3). La collaboration entre le coquillage et les zostères se révéla très importante pour combattre le stress créé par la forte concentration en sulfites. Cependant, une petite augmentation du taux de mortalité des zostères provoqua une perturbation immédiate de la collaboration entre le coquillage et les zostères, ce qui se traduisit par une forte diminution de
la concentration en zostères (chapitre 4). Cela démontra qu’une petite perturbation des
facteurs environnementaux provoquant une augmentation du taux de mortalité des zostères pouvait avoir des conséquences désastreuses.
Différentes études ont démontré qu’une subtile augmentation de la température pouvait provoquer un décalage dans les écosystèmes. La perturbation des systèmes ayant une
forte réponse positive conduit à deux états d’équilibre alternatif. Suite à la perturbation
des conditions environnementales le système se retrouve décalé d’un état d’équilibre à
l’autre (chapitre 3).

EFFET TOP-DOWN EXERCÉ PAR LE BÉCASSEAU MAUBÈCHE?
Le Parc National du Banc d’Arguin est un des sites d’hivernation les plus importants pour
le bécasseau maubèche. La sous espèce C. c. canutus se nourrit ici principalement de
coquillages dans les herbiers de zostères. Loripes étant le coquillage le plus répandu et le
plus nourrissant on pourrait s’attendre à ce que ce coquillage soit la proie la plus recherchée par les bécasseaux. Cela aurait pour conséquence un fort effet top-down du à la perturbation des possibilités de collaboration entre zostères et Loripes. A l’encontre de nos
attentes, le régime alimentaire des bécasseaux ne semble être composé que pour 50% de
Loripes (chapitre 5). De récentes études ont montré que la faible quantité de Loripes dans
le régime alimentaire des bécasseaux pouvait être expliquée par la toxicité légère de ce
coquillage (conséquence directe de l’emmagasinement de sulfites par les bacteries situées
dans les branchies du coquillage). Du fait de la toxicité de ce coquillage, les bécasseaux
doivent compléter leur menu avec d’autres petites proies.
Le bécasseau maubèche possède un organe sensitif exceptionnel au bout de son bec.
Grace à cela il peut détecter les proies enterrées dans le sédiment humide sans contact
direct avec celles ci (‘remote touch’). Ils sont ainsi capables de détecter leurs proies très
rapidement. On pourrait donc s’attendre à ce qu’en certains endroits les bécasseaux mangent tous les coquillages présents dans le sédiment. Mais a l’inverse de cela, il semblerait
que dans les zones de forte concentration en zostères les bécasseaux aient plus de mal à
détecter leur proie. Ils détectent alors leurs proies par contacte direct et non à distance
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(chapitre 6). Les zostères semblent cacher de façon indirecte le petit coquillage à son prédateur principal. Combiné à la toxicité du coquillage, cela empêche la perturbation de l’équilibre mutualiste.
Dans les herbiers de zostères mourant, l’importante influence du bécasseau est possible. Dans ces conditions, le bécasseau est capable de trouver ses proies plus facilement.
Dans le chapitre 6 nous avons démontré que l’efficacité du bécasseau à la recherche de sa
proie diminue en fonction de l’augmentation de la concentration de l’herbier en zostères.
Ce qui signifie que les bécasseaux devraient rechercher les endroits riche en proies et peu
colonisées par les zostères. Cependant, nous avons montré dans le chapitre 7 que ce genre
d’endroit n’est pas courant dans les vasières du Banc d’Arguin. Les endroits pauvres en
zostères sont aussi pauvres en proies et les endroits riches en proies se situent toujours là
où les zostères prolifèrent. Pour trouver assez de nourriture pour pouvoir survivre, les
bécasseaux doivent aller à la recherche d’herbier de zostères en situation de concentration
intermédiaire. Et en effet, comme nos études le laissaient penser, les bécasseaux atteignent les meilleurs résultats d’efficacité à la recherche de leurs proies dans les herbiers de
zostères en état de dégradation, c’est à dire possédant une relative faible concentration de
proies. A l’aide de comptage des populations de bécasseaux sur le terrain nous avons pu
démontrer que les plus fortes concentrations de bécasseaux se situent en effet dans les
zones intermédiaires des herbiers de zostères, là où les bécasseaux peuvent se nourrir le
mieux et le plus facilement. L’effet top-down semble donc être possible, ayant pour conséquence l’accélération de la dégradation de l’écosystème. La perturbation du mutualisme
entre Loripes et zostères étant causée par le bécasseau.

RELATION ENTRE L’EFFET BOTTOM-UP EN TOP-DOWN
Pour pouvoir étudier l’effet top-down du bécasseau, nous avons intégré le bécasseau au
model présenté dans le chapitre 5. Ce model prédit que les bécasseaux ne sont pas capables de se nourrir d’assez de coquillages pour perturber l’interaction mutualiste. Dans un
premier temps nous pensions que cela était du à la forte concentration en zostères, mais
contrairement aux attentes nous nous sommes rendu compte que c’était plutôt la cause de
la toxicité des coquillages. Celle-ci limite la rapidité avec laquelle les bécasseaux peuvent
se nourrir (chapitre 8). Le modèle analytique montre que la pression exercée par la prédation doit être très forte pour avoir un effet. Le nombre de bécasseaux doit être en
moyenne de 170 oiseaux par ha pour qu’une quantité suffisante de Loripes soit consommée, le système bascule alors sous un seuil critique et l’interaction mutualiste est perturbée (la concentration moyenne en bécasseau dans le Banc d’Arguin est d’environ 6 à 10
oiseaux par ha). Cependant, le model ci-dessus montre aussi que dans les herbiers de zostères en mauvais état une concentration moyenne normale de bécasseaux est capable
d’accéléré le processus de dégradation de ces herbiers. Comme les bécasseaux se nourrissent des derniers Loripes, la concentration en sulfite augmente. C’est pourquoi nous pouvons en conclure que l’effet top-down des bécasseaux est probablement un effet cumulatif
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qui accélère la dégradation des herbiers de zostères. Le modèle analytique utilisé dans les
chapitres 5 et 8 est bien entendu une simplification de la réalité et l’interprétation de ces
modèles doit être traité avec précaution. Cet exercice théorétique se voue à expliquer l’interaction entre l’effet top-down et l’effet bottom-up dans les herbiers de zostères intertidaux du Banc d’Arguin.
La conclusion de cette thèse est que l’interaction entre effets bottom-up et top-down
contribue de façon importante au fonctionnement de l’écosystème des herbiers tropicaux
de zostères. L’interaction entre ces effets peut aussi expliquer la destruction de ce type d’écosystème. Bien que l’espèce choisie comme modèle, le bécasseau maubèche, ait été étudié en détail, il semblerait que la façon dont l’oiseau détecte ses proies dans les herbiers
de zostères soit différente de la technique utilisée en mer de Wadden. Cette thèse met
aussi en évidence les risques liés aux écosystèmes marins reposant sur une interaction
mutualiste. De petites modifications de l’environnement peuvent interrompre l’interaction
et perturber tout un écosystème. Pour pouvoir protéger et restaurer convenablement de
tels écosystèmes il est nécessaire de ne pas suivre seulement une espèce ou une sorte de
changement de l’environnement mais de suivre toute une chaine de processus comme les
interactions à l’intérieur même de la chaine alimentaire (par exemple, mutualisme, prédation et bio-constructeurs). Grace à cela on peut plus facilement prédire la réaction d’un
écosystème lors d’une perturbation.
.
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manuscripten van goed commentaar voorziet is ongekend. Bedankt voor dit alles!
Han, tijdens onze expedities was jouw creatieve manier van denken cruciaal en dat is
in verschillende hoofdstukken terug te zien. De snelheid waarmee jij hypotheses genereert, maar ze ook weer aan de kant zet omdat je denkt dat het toch anders in elkaar zit,
geeft een wetenschappelijke discussie een enorme impuls en energie. Tijdens de expedities heb je mij met een ‘community ecology’ bril naar kustsystemen laten kijken en daar
heb ik veel van geleerd. Of het nu gaat om kanoeten, wenkkrabben, flamingo’s, Loripes192
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sen, vissen of zelfs ‘knabbels en babbels’ ;-), jij ziet altijd mogelijkheden voor interessante
vragen en dat inspireert enorm!
Lieve Laura, ik denk dat ik niemand in dit dankwoord te kort doe wanneer ik zeg dat
jij tijdens mijn aio-baan het allerbelangrijkste bent geweest voor mij. Jij was er altijd voor
mij en het is moeilijk in woorden te omschrijven hoe belangrijk je steun is geweest tijdens
de moeilijke momenten. Bedankt voor je liefde en gezelschap al die jaren. Ik zal je altijd
dankbaar blijven hiervoor. Je passie, gedrevenheid en je kennis zijn in meerdere hoofdstukken terug te vinden en zonder jou waren deze er niet geweest. Je bent een aanwinst
voor het onderzoek zowel wetenschappelijk als op het sociale vlak. We gaan vast nog heel
van jou horen! Veel succes met je nieuwe post-doc.
Naast mijn begeleiders en de NIOZ assistentie komt een proefschrift niet tot stand
zonder de hulp van studenten. Jeroen, Emma en Eva jullie bijdrage was erg belangrijk
voor een aantal hoofdstukken. Veel dank voor jullie harde werken en jullie bijdrage om
het werk op papier te krijgen! Dat jullie alle drie nu zelf als aio aan de slag zijn, zegt
genoeg. Zet m op! Karin, jij natuurlijk ook bedankt voor je inzet en ik hoop dat je je
passie voor de zee in de toekomstige aio-baan verder kunt uitbouwen. Verder dank aan
alle studenten die binnen het Vidi project werkzaam waren en daardoor ook (indirect)
een bijdrage hebben geleverd aan dit proefschrift: Vincent, Anne Phillipe, Erik Rosendaal,
Marwa, Marieke, Rob (vergeef me als ik iemand vergeten ben!). Erik Jansen en Brecht
ook bedankt voor jullie inzet.
Jan van de Kam, het is een eer dat jouw foto op de cover staat van dit proefschrift,
bedankt! Jouw boeken, die je samen met vele anderen met veel passie en liefde voor de
natuur hebt gemaakt zijn altijd erg inspirerend geweest. Tijdens expedities heb je niet
alleen oog voor de foto’s, maar je draait ook op een erg prettige manier mee in het team
en daarmee ben je ook sfeerbepalend. Ik heb je er altijd erg graag bij. En, ik hoop dat de
financiering voor ons boek nu snel lost komt!
Dick, bedankt dat je de lay-out van mijn proefschrift voor je rekening hebt genomen.
Het is een erg mooi boekje geworden! Jouw rust en nuchterheid in de laatste fase gaven
mij het vertrouwen dat het allemaal goed zou komen.
Mijn paranimfen, Olaf en Roeland, ik ben erg blij dat jullie op deze bijzondere dag aan
mijn zijde staan. Roeland, onlangs kwamen we er achter dat we ondertussen al zo’n
negen maanden samen op expeditie zijn geweest! We hebben samen bijzondere dingen
meegemaakt en ik hoop dat we dat blijven doen. De manier hoe jij het Oman werk hebt
opgepakt en het vuur daar hebt laten branden is geweldig. Samen met Maaike waren
jullie erg fijne buren en ik heb genoten van de etentjes, biertjes en feestjes samen. Jullie
dochter Isa is een schatje en ik wens jullie veel geluk met elkaar. Olaf, wat er ook gebeurt
in het leven, jij blijft altijd rustig en stabiel. Erg fijne eigenschappen en ik hoop dat je die
op deze dag ook een beetje naar mij uitstraalt ;-) We kennen elkaar al vanaf de wieg en ik
ben blij dat wij elkaar blijven opzoeken. Ik altijd bij jou terecht kan. Verhuizen, biertje,
filosofische gesprekken, het maakt niet uit. In mijn laatste jaar van mijn promotie stonden
jij en Simone altijd voor mij klaar, ook in de mindere tijden en dat heeft mij enorm geholpen. Jullie kinderen, Arren en Ronja, zijn schatjes en daar geniet ik elke keer van.
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Het NIOZ is een bijzonder marien onderzoeksinstituut. Het onderzoek is vaak baanbrekend en van erg hoog niveau. Iets waar we in Nederland trots op mogen zijn. Het is
zorgelijk dat er in Nederland nog steeds wordt bezuinigd op dit soort onderzoek en ik
hoop dat velen na mij de kans blijven krijgen om zich wetenschappelijk te ontplooien
binnen dit instituut. Ik wil de directie bedanken voor hun inzet en het feit dat ze tijdens
deze roerige tijden het instituut draaiende hebben weten te houden. Laten we hopen op
rustiger vaarwater! De afdeling Marine Ecology MEE (nu: Department of Coastal
Systems, COS) is een van de afdelingen binnen het NIOZ. Henk, bedankt voor de faciliteiten die beschikbaar zijn gesteld binnen de afdeling. Zonder bijvoorbeeld het benthos-lab
en de kennis die daar rond loopt, was dit onderzoek niet tot stand gekomen. Ik heb
enorm veel geleerd tijdens de cursussen die binnen de groep zijn aangeboden. Iets wat jij
hoog in het vaandel hebt en wat zorgt voor een goede opleiding als onderzoeker binnen
de afdeling.
Thomas, voor een theoretisch bioloog ben je bijzonder goed empirisch onderbouwd ;-)
Ik had mij geen betere directe collega kunnen wensen. Je kritische manier van denken, je
wiskundige inzichten maar ook je fijne sociale houding heb ik altijd enorm op prijs
gesteld. Ik kijk ontzettend uit naar je proefschrift en succes met de laatste loodjes! En,
neem van mij aan, die wegen het zwaarste. Matthijs, jouw gedrevenheid en je kennis van
het Banc d’Arguin ecosysteem heeft mij (en het hele project) een springplank gegeven en
daar heeft dit proefschrift enorm van geprofiteerd. Ik wens je veel succes met je nieuwe
post-doc en geluk met Tamar, Veerle en Ravi in Frankrijk. Eelke, jij ook bedankt voor je
inspanning tijdens de eerdere expeditie in 2007. Piet van den Hout, bedankt voor je persoonlijke interesse. Jouw passie voor de natuur en je gedrevenheid zijn aanstekelijk en ik
heb erg genoten van het napraten over bijvoorbeeld ‘MeesTV’. Jij kunt als geen ander
situaties vangen in een metafoor: je gooit elke dag een sinaasappel en vervolgens krijg je
aan het einde van de week het hele kistje één keer terug, dat omschreef exact mijn gevoel
die dag. Allert, ik heb veel geleerd en erg genoten van de groepsdiscussies die jij organiseerde. Jouw deur stond altijd open voor mijn (statistische) vragen en in de eindfase van
het afmaken van m’n proefschrift kon ik altijd bij je terecht voor advies. Bedankt daarvoor. Veel succes met je nieuwe post-doc baan en ik hoop dat we nog veel van je gaan
horen! Kees, de manier waarop jij je onderzoek combineert met het toegepaste werk is
voor mij een voorbeeld. Ik wist dat je bijzonder scherpe veldbioloog bent maar je hebt
indruk op me gemaakt tijdens de Oman survey. Ik ben blij dat ik je daarbij heb betrokken.
Anne, Sander, Job, Bernard, Maarten, de assistentie binnen de vogelafdeling is van
onschatbare waarde. Ik kon altijd bij jullie aankloppen voor hulp of vragen. Jullie pragmatische en innovatieve insteek hebben zeker bijgedragen aan dit proefschrift. Anne,
bedankt voor de vogelvangerij en je ondersteuning tijdens de expedities. Zonder de
kanoeten waren een aantal experimenten niet mogelijk geweest en had een aantal hoofdstukken in dit proefschrift niet bestaan. Bernard (en Jenny) jij ook bedankt voor de vangerij, je hulp tijdens de expeditie en de borreltjes bij jullie thuis in Oosterend. David en
Eelke bedankt voor het blijven organiseren van de donderdagochtendsessies en het leiden
van de discussies na afloop. Verder iedereen bedankt voor de goede sfeer op de afdeling,
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Kees, Theunis, Anne, Maarten, Job, Sander, Roeland, Estefania, Eva, Thijs, Eldar, Tanya,
Susanne, Ginny, Matthijs, Petra, Jan, Dennis, Anita, Kimberley, Thomas Leerink, Niamh,
Maaike, Julia, Jorge, Ineke, Sjoerd, Jacintha, Jutta, Daniel, Ysbrand, Jeremy, Casper,
Eelke, Tamar, Roos, Jan Drent, Jaap, Rob Dekker, Henk, Anouk, David, Jennifer, Lisa,
Andreas, Judith, Anneke, Pieternella, Lodewijk, Jeltje, Rob Dekker, Gerhard, Hans,
Joanna, Marc, Rob Dapper, Olga, Rob Witbaard, Sarina en Katja. Michelle, the next generation, hope you will enjoy working in Banc d’Arguin as much as I did, looking forward to
see your work progress, good luck.
Leo Maas, het was geweldig om met je te werken, jouw efficiënte en gedegen manier
van werken hebben hoofdstuk 6 naar een hoger plan getild! Jim van Belzen en Johan van
de Koppel (NIOZ-Yerseke) jullie ook bedankt voor jullie bijdrage aan dit proefschrift. Ik
hoop dat we elkaar nog vaker gaan tegenkomen. Jim, ben benieuwd naar je proefschrift,
O ja, die Ollanders kunne proat’n wa sie wille, n érepel bluuvn n érepel, waor je oek vandaon komme, loat je ni gek maoken hé ;-)
Janne en Lenze, jullie wil ik ook bedanken voor jullie ondersteuning en gezelschap
tijdens de expeditie. Het dagelijks koken voor zo’n grote groep mensen is een hele prestatie. Lenze, dat jij het voor elkaar hebt gekregen om de keuken (bijna) vliegvrij te houden
met je zelfgemaakt vliegenmepper kan ik nog steeds niet geloven. Janne, dat jij mij de
kamer uit stuurde omdat ik weer met m’n zandslippers binnen kwam stampen, heeft mij
wel aan het denken gezet. Na al die expedities waren mijn eigen maatstaven ten aanzien
hygiëne wat vervaagd ;-)
Ondersteunende diensten, iedereen bedankt voor jullie inzet en hulp, het onderzoek
op het NIOZ kan niet zonder jullie. In bijzonder Hilde, die altijd op tijd tickets wist te
regelen voor onze expedities. Hans Malschaert, Wim Pol jullie ook bedankt voor het
oplossen van allerlei computersoftware probleempjes. Johan van Heerwaarden en Edwin
Keijzer van de de technische dienst bedankt voor jullie vakmanschap. En natuurlijk Meta,
Anneke en Bert (en iedereen die ik vergeten ben!).
Twee van de drie P’s: onze Arctische avonturen waren fantastisch. Wie had ooit
gedacht dat onze eerste ideeën over migrerende steltlopers in 2005 op Taimyr zouden leiden tot zoveel mooie expedities en onze carrière zo zou gaan helpen!? Wat mij betreft zijn
we nog lang niet klaar en gaat het nu pas écht beginnen, Raymond en Roeland tot snel!
Bart Nolet, bedankt voor de persoonlijke gesprekken en interesse tijdens mijn aio-tijd. Al
sinds mijn NIOO stage blijven we elkaar tegen het lijf lopen. Ik heb veel van je geleerd tijdens onze Taimyr-expeditie. Ondanks de tegenslagen dat jaar - het voorjaar begon laat en
ons studie object werd op gegeten door de poolvossen - hebben we het toch voor elkaar
gekregen om er een paper over te publiceren tijdens mijn aio-periode. Bart Ebbinge, jij
natuurlijk ook bedankt dat je mij ooit de kans hebt gegeven om in Taimyr werkzaam te
zijn. Jouke, hoewel het niet direct is terug te zien in dit proefschrift, indirect zeker wel. Jij
hebt mij op Spitsbergen bijgebracht hoe je gedegen en gedetailleerd onderzoek doet,
geweldig dat onze eerste ontmoeting met de IJsberen nu recent op papier staat!
Profs Joel Brown, Bob Holt and Tjeerd Bouma thank you for being in my reading committee, hope to see you at my defence and looking forward to your questions. Joel and
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Bob, your lectures at the consumer-resource interaction course were really inspiring. Joel,
it has been a pleasure working with you for two days on the mudflats of Oman, especially
the private ‘foraging theory’ lesson at the campsite was great.
Je suis très reconnaissant aux autorités du Parc National du Banc d'Arguin (PNBA)
pour leur autorisation de travailler et d'utiliser leurs installations dans le parc. Lemhaba
Ould Yarba, Antonio Araujo merci pour vous être occupe de la logistique. Je voudrais également remercier mes compagnons à Iwik, merci pour votre hospitalité et votre contribution et coopération enthousiastes, Amadou Abderahmane Sall, Mohamed Camara, Hacen
Ould Mohamed Abd, M'Bareck Ould Sangué, Baba and Sidi Ould Ely. Mohamed Vall,
thank you for all your help, you’re pleasant company and your positive way of looking to
life. I hope we will meet in the future! Sidi Cheikh, it has been a pleasure working with
you and thank you for all efforts. I am looking forward to see your Phd thesis, wish you
succes, good luck and see you soon! Hacen, thanks for your logistic help and also for you,
good luck with finalizing your PhD!
Naast de NIOZ-ers was er ook interactie met Animal Ecology van Groningen Universiteit (nu Conservation ecology group). Daar ook iedereen bedankt die ik sprak tijdens
congressen, in het veld, op Schier etc. Jeroen Reneerkens (en Allert, bedankt voor het
organiseren van de Gaast meetings), Yvonne, Jeroen Onrust, Mo, Jesse, Mo, Rienk,
Nathan, Janne, Joost, Christiaan en Martijn. Marjolijn Christianen, op de een of andere
manier blijven onze paden elkaar kruisen en ik wil je bedanken voor je inzet tijdens de
expeditie. Ik hoop dat het nog een keer tot een samenwerking komt. Naast de onderzoekers natuurlijk ook, Joyce, Ingeborg, Corine bedankt voor jullie ondersteuning.
Bij Radboud Universiteit wil als eerste Fons en Leon bedanken voor hun stimulerende
discussies en het delen van biogeochemische kennis. Er ging een hele nieuwe wereld voor
mij open, waar ik hopelijk in de toekomst nog veel meer over zal gaan leren. Maartje
bedankt dat je mij met open armen ontving toen het schrijven wat minder ging en dat
geld natuurlijk ook voor, Marlous, Valérie, Eva, Natan, Annieke, Marco, Sarah Faye en Jan
Roelofs.
The Oman expeditions were nice distractions and would like to thank all the people
who made it possible, Kees O, Symen, Roeland, Maaike, Jan, Bruno, Marcel Kersten,
Theo, Erik Janssen, Raymond, Wietske, Maja, Marc van Roomen, Bram, Leon, Jelle,
Lenze, Kees C, Peter Olson, Petter Olsson, Gabriel and Brian. All people at ministry of
Environment and Climate affairs, especially mr Ali al Kiyumi. Andy Thorpe (big goat ;-) )
I have enjoyed every minute with you, your charism is exceptional and you’re the only
person, of whom I know, turns a smile on people’s face at the moment you arrive…this is
us boys! Prof Reginald Victor and Andy Kwarteng, hope we can continue our collaboration and see each other in the future again. Omar, keen to see results of analysis! Ibrahim,
let’s hope for the best for your PhD and see you hopefully at NIOZ. Inshallah!
Iedereen op Schier bedankt voor leuke momenten samen, Ellen, Serena, Johan Eklöf,
Maarten, Elske, Kelly, Jeltje, Otto, Judith, Tom, Marc, Alma, Jan, Cynthia (bedankt voor
de –last minute – Franse vertaling!). Els, op Schier konden we het meteen goed vinden en
je gezelschap tijdens de Banc d’Arguin expedities werd enorm op prijs gesteld. Nu moeten
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zorgen dat onze Schier paper het licht gaat zien! Ik wil je bedanken voor de leuke samenwerking maar ook voor de inhoudelijke gesprekken en het samen delen van het lief en
leed van het leven als jonge onderzoeker.
VRS Calidris wil ik ontzettend bedanken voor de geweldige vangnachten op het wad
en de gezellige vroege ochtend borrels die daarop volgden. Wim (twee poten, twee ogen,
twee vleugels…check!), meneer Kees Oosterbeek (beetje bazig type), Symen
(T#ring…wat een bunzing), Thomas, Mo, Irene, Andre, Oscar (is het niet (1) is dan moet
het (2) zijn en anders (3)…of begrijp ik jullie niet), Koos (kan er niks aan doen...familiekwaaltje). Ik hoop dat er nog vele vangnachten gaan volgen en dat de geplande publicaties het daglicht gaan zien!
Sjoerd Dirksen, Jan van de Winden en Peter van Horssen de samenwerking in de jaren
vóór mijn promotie bij buro Waardenburg waren al heel aangenaam. Ik hoop dat we onze
klik en passie voor natuuronderzoek kunnen uitbreiden!
De Utrechtse matties, na jaren van afwezigheid door mijn verblijf op Texel namen jullie mij, bij mijn terugkomst in Utrecht, zonder probleem weer op in de groep. Bart Gouda,
Bart 5bis, Jascha, Luuk, Merijn, Peer, Stijn en Tommie bedankt voor de kroegbezoekjes,
biertjes in het park, BBQ’s en het gezelschap tijdens de laatste schrijffase van mijn proefschrift in Utrecht (en jullie vriendinnen/vrouwen natuurlijk ook!). Maaike, jij bedankt
voor het nakijken van de Nederlandse teksten en natuurlijk je vriendschap. Eigenlijk ben
jij een van de matties ;-) Ik kom vast spoedig weer langs voor een klusje bij jou en Merijn,
al was het maar om jullie kinderen, Milo en Sari, weer te zien!
Hans en Manon, jullie staan altijd onvoorwaardelijk voor mij klaar en dat waardeer ik
enorm. Jullie steun tijdens de moeilijkere momenten, zijn erg belangrijk voor mij
geweest. Hans, ik geniet altijd heel erg van onze kooksessies, drinken van Belgische biertjes, slap ouwehoeren of diepgaande filosofische gesprekken tot in de late uurtjes. Fijn dat
je vandaag het eten wil verzorgen en samen met mijn paranimfen het feest wil verzorgen.
Jij ook Erik, hopelijk tot snel. Johan en Charlotte, ook bij jullie kon ik altijd terecht. Toen
ik weer in Utrecht kwam wonen hebben jullie mij met open armen ontvangen, dat was
erg fijn, bedankt! Johan, laten we onze random-film-keuze avonden weer oppakken want
de film ‘Les convoyeurs atttendent’ waarin het wereld record ‘deuropenen’ wordt verbroken blijft bijzonder. KNG56-ers, Bastiaan, Johanneke en Ellen leuk jullie weer te zien
afgelopen jaar. Snel een concertje plannen in DB’s en eten/drinken bij Oproer. Leo en
Mies bedankt voor de maanden op de van der Duijnstraat.
Wouter, tijdens onze toevallig ontmoeting in Fontainebleau bleek al snel dat we naast
het klimmen ook een zelfde passie hadden voor onderzoek, en dat jij vervolgens een
cruciale bijdrage kon leveren aan hoofdstuk 3 in dit proefschrift is wat mij betreft best bijzonder. Ik hoop dat we onze toekomstplannen kunnen verwezenlijken in nieuwe mooie
plannen. Dirk, roomie! Ben je zeer dankbaar dat je het aandurfde om samen in de flat te
gaan wonen. Dat heeft mij de rust gegeven om de laatste loodjes van dit proefschrift af te
maken. De klimtripjes waren daarbij een aangename afwisseling. Linda, de bouldertripjes
naar Bleau waren ook met jou een erg aangename afwisseling. Stokbroodjes met Franse
kaasjes en worstjes, en de glaasjes wijn bij de kampvuurtjes natuurlijk. Ingmar, leuk dat
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we elkaar weer zijn tegengekomen en elkaar nu wat vaker zien. Klimmen/boulderen met
jou is altijd erg ontspannend, ook de relativerende gesprekken over wetenschap in het
algemeen vind ik een verademing. Ik hoop dat ik jou en Charlotte, Silas en Marik nog
veel ga zien. Peter en Marjoleine, jullie zijn bijzonder warme personen en ik ben blij
dat ik jullie in deze fase van mijn leven heb leren kennen, op nog vele jaren (met kapsalons;-)). Chris, je bent er niet bij vandaag omdat je je liefde achterna bent gegaan in
Zuid-Amerika, het is je vergeven ;-). Verder, Ceciel, Jan-Thijs, Sander, Danique, Rens, Jan,
Lars, Ruben, Lonneke, Marian, Renze, Stefan, Fleur, Teun, Chiara, Jorn, Roberto, Jelmer
en iedereen in Sterk/Klimmuur: het is altijd gezellig met jullie!
Fleur en Maarten, ik ben erg blij dat jullie deze dag met mij willen delen! Jullie kinderen, Ties, Madelief en Jasmijn zijn goudklompjes en kan ik enorm van ze genieten. Ik zal
mijn best doen om er vaker voor jullie te zijn. Binnenkort staat er een Efteling uitje
gepland, met ome Sjim, daar kijk ik naar uit! Mam, fijn dat ook jij deze dag met mij wil
delen. Je zult je vroeger wel eens afgevraagd hebben waar dat heen moest met je zoon.
Vooral tijdens mijn wereldreis van 18 maanden wanneer ik weer eens een (te) lange tijd
niks van mij had laten horen en ergens in India rond zwierf. Maar het is juist deze ‘walkabout’ geweest die zorgde voor een kantelpunt en mij heeft gestimuleerd om mijn liefde
voor de natuur uit mijn vroege jeugd weer nieuw leven in te blazen. Bedankt voor je
zorg, geduld en levenslessen die je mij hebt meegegeven.
Tot slot, jullie zijn mij allemaal even lief en sommigen van jullie heb ik de laatste jaren te
weinig aandacht gegeven en ik zal mijn best doen om dat de komende tijd goed te
maken, nogmaals dank!
Driebergen-Rijsenburg, maart 2016
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