
 

 

 University of Groningen

Bottom-up and top-down forces in a tropical intertidal ecosystem
de Fouw, Jimmy

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
de Fouw, J. (2016). Bottom-up and top-down forces in a tropical intertidal ecosystem: The interplay
between seagrasses, bivalves and birds. [Thesis fully internal (DIV), University of Groningen].
Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/788ff8cd-4cde-457f-a6b9-55850f1e4c44


JdeF-diss_JdeF-diss.mal  16-03-16  22:32  Pagina 36



Accepted for publication in Current Biology

Drought and mutualism breakdown drive
landscape-scale degradation of seagrass beds 

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 com-
mon 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 cli-
mate 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 sea-
grass 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. 
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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, Hoegh-
Guldberg 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 forc-
ing (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 mutualism-
dependent 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 ecosys-
tems 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 break-
down of a facultative mutualism between seagrass and lucinid bivalves with sulphide-
oxidizing gill bacteria, and that (2) these two phenomena combined can cause rapid sea-
grass 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
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et al. 2009, Fourqurean et al. 2012). Seagrass ecosystems are degrading at an accelerat-
ing 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 seawa-
ter 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 sedi-
ment, 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 gill-
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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 stim-
ulated 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. 
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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 particu-
lar (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 inter-
tidal 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 spatiotempo-
ral 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 dis-
ruption of a feedback was an important accelerant of the observed decline. Next, we car-
ried 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 experi-
ment 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 con-
sistent 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 (Appen-
dix Figure A3.2). This subtle morphology primarily results from sediment trapping by sea-
grass in interaction with morphodynamics driven by waves, tidal currents, and/or low-
tide 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 sea-
grass 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 calcu-
lated 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 tem-
perature-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 desicca-
tion 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 stochastic-
ity 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 charac-
teristics. 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 vacuum -
ed syringes connected to 5-cm rhizon samplers (Eijkelkamp Agrisearch Equipment, Gies-
beek, 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 imme-
diately 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 con-
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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 trans-
ported 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 luci nids.
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 col-
lected 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 indi-
cator. 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 1-
mm 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
assump tions of normality of residuals. Next, we used one-way ANOVA with patch condi-
tion (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 concentra-
tions 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 ran-
dom 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 num-
ber 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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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 analy-
sis 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 intermedi-
ate elevations, indicating that both high and low seagrass cover were stable here. More-
over, 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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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 compari-
son 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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Figure 3.5 Comparisons of the environmental characteristics of healthy and adjacent degrading
seagrass patches. (A) Degrading patches were elevated compared to healthy controls (F1,55 = 60.91,
P<0.001; n = 32), and (B) were typically dry whereas healthy patches were characterized by a
thin film of water on the sediment surface (X2 = 7.56, P = 0.006; n = 32). (C) Lucinid densities
were significantly lower in degrading patches (X2 = 302.69, P<0.001; n = 8), and (D) pore water
sulphide concentrations were higher (F1,14 = 15.99, P = 0.001; n = 8). Sulphide levels showed a
significant increase with depth (F1,14 = 21.0, P<0.001; n = 8) and an interaction between patch
condition and depth (F1,14 = 8.4, P = 0.011; n = 8). Error bars depict standard errors. 
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Figure 3.6 (A) Sulphide levels in our experiment increased significantly with depth (F1,36 = 164.95,
P<0.001) and decreased with lucinid addition (F1,12 = 6.91, P = 0.022). (B) Lucinid addition sig-
nificantly increased seagrass condition expressed as healthy leaf length (F1,12 = 5.26, P = 0.037).
Error bars depict standard errors (n = 7). 
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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 unmani -
 pulated 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 sea-
grass-lucinid mutualism, and (2) that this breakdown in turn amplified the landscape-
scale 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 analy-
sis demonstrates that the decline was also driven by feedback mechanisms.

Next, the results of our field surveys and mesocosm experiment combined indeed indi-
cate that desiccation stress triggered a breakdown of the mutualistic feedback between
seagrass and lucinids, and that the breakdown itself in turn accelerated seagrass degrada-
tion. Results from the survey reveal (1) that water drainage from higher patches allevi-
ated 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 fur-
ther stimulated seagrass degradation. Finally, results from our mesocosm experiment con-
firm that loss of mutualism strength itself became an important driver of seagrass degra-
dation, 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 sea-
grass 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 photosyn-
thesis-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). There-
fore, 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 mutual-
ism-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 dramati-
cally 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 sea-
grass 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
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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

B C

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 con-
tained 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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