
OPEN 3  ACCESS Freely available online PLos one

Ecosystem Engineering by Seagrasses Interacts with 
Grazing to Shape an Intertidal Landscape
Tjisse van der H eide1*, Johan S. Eklöf2'6'7, Egbert H. van Nes3, Els M. van der Z ee4'5, Serena Donadi2, 
Ellen J. W eerman1, Han Olff1, Britas Klemens Eriksson2
1 Community and Conservation Ecology Group, Centre for Ecological and Evolutionary Studies (CEES), University of Groningen, Groningen, The Netherlands, 2 Marine 
Benthic Ecology and Evolution, Centre for Ecological and Evolutionary Studies (CEES), University of Groningen, Groningen, The Netherlands, 3 Aquatic Ecology and Water 
Quality Management Group, Department of Environmental Sciences, Wageningen University, Wageningen, The Netherlands, 4 Department of Marine Ecology, NIOZ Royal 
Netherlands Institute for Sea Research, Den Burg, Texel, The Netherlands, 5 Animal Ecology Group, Centre for Ecological and Evolutionary Studies (CEES), University of 
Groningen, Groningen, The Netherlands, 6 Department of Biology and Environmental Sciences -  Kristineberg, University of Gothenburg, Fiskebäckskil, Sweden, 
7 Department of Systems Ecology, Stockholm University, Stockholm, Sweden

Abstract
Self-facilitation through ecosystem engineering (i.e., organism modification o f the abiotic environment) and consumer- 
resource interactions are both major determinants o f spatial patchiness in ecosystems. However, interactive effects o f these 
tw o mechanisms on spatial com plexity have not been extensively studied. We investigated the mechanisms underlying a 
spatial mosaic o f low-tide exposed hummocks and waterlogged hollows on an intertidal m udflat in the Wadden Sea 
dominated by the seagrass Zostera noltii. A com bination o f field measurements, an experiment and a spatially explicit model 
indicated that the mosaic resulted from  localized sediment accretion by seagrass followed by selective waterfowl grazing. 
Hollows were bare in winter, but were rapidly colonized by seagrass during the grow th season. Colonized hollows were 
heavily grazed by brent geese and widgeon in autumn, converting these patches to  a bare state again and disrupting 
sediment accretion by seagrass. In contrast, hummocks were covered by seagrass throughout the year and were rarely 
grazed, most likely because the waterfowl were not able to em ploy the ir preferred but water requiring feeding strategy 
('dabbling') here. Our study exemplifies that interactions between ecosystem engineering by a foundation species (seagrass) 
and consumption (waterfowl grazing) can increase spatial com plexity at the landscape level.
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Introduction

Spatial heterogeneity is im portan t for the functioning of m any 
different ecosystems, because it can enhance prim ary  productivity, 
increase the biodiversity and  carrying capacity, and  stabilize the 
ecosystem [ H - ] .  Studies from  a wide range of terrestrial and  
m arine ecosystems have dem onstra ted  that ecosystem engineers, 
i.e., organism s that significantly m odify their abiotic environm ent 
[5,6], often determ ine spatial structuring in ecosystems [2]. An 
im portan t factor often controlling the extent to w hich the system is 
m odified is the density o f the ecosystem engineer [7], while the 
m odified environm ent in tu rn  also positively o r negatively affects 
the engineer again. In  m any cases, such feedback m echanism s 
cause an  increase in the spatial patchiness o f the ecosystem [8-11].

C onsum er-resource interactions m ay also cause patchiness. For 
instance, p lant-herbivore interactions ranging from  the arctic 
tun d ra  to tropical savannahs cause irregular patchy  ‘landscape 
m osaics’ o f intensively grazed ‘law ns’ o f short vegetation a lternat­
ing w ith ungrazed patches o f tail vegetation in ecosystems ranging 
from  the arctic tun d ra  to tropical savannahs [3,12,13]. Intense 
grazing o f the lawns com bined with increased nu trien t input by

herbivore excrem ent facilitates grow th o f consum able and  nutrient 
rich vegetation, while the nutrient-poor, tail vegetation excludes 
herbivores [12]. Sim ilar to landscapes dom inated  by  ecosystem 
engineers, these systems are driven by feedbacks. In  contrast, 
however, these feedbacks are not characterized  by biotic-abiotic 
interactions, bu t m ainly driven by trophic interactions.

In  this study, we investigated the m echanism s beh ind  a  spatial 
mosaic o f  low-tide exposed hum m ocks and  w aterlogged hollows 
on  an  intertidal m udflat dom inated  by  the seagrass postera noltii, 
w hich is periodically grazed by waterfowl (Fig. 1A). U sing this 
system as a  m odel, we tested w hether an  interplay betw een 
ecosystem engineering by a  foundation species and  herbivore 
grazing activity can lead to patchiness similar to those observed for 
hab ita t m odification o r consum er-resource interactions alone. 
In tertidal seagrasses like noltii are density-dependent ecosystem 
engineers in the sense th a t they progressively reduce hydrody­
namics an d  accrete sedim ent w ith increasing shoot density [10,14— 
16], G razing by waterfowl is a  com m on phenom enon in seagrass 
systems. In  the W adden  Sea, grazing on noltii m ainly takes place 
in au tum n by overw intering b ren t geese (Branta bernicla) and  
widgeon (Anas penelope) that m igrate from  the arctic tun d ra  in
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Waterfowl grazing

August November

Figure 1. Low-tide ex p o sed  hum m ocks w ith seagrass alternate with w aterlogged , bare hollow s in June (A). Seagrass patch cover 
changed  significantly over tim e (ANOVA: /^ .l7 = 6 6 .6 , p<0.001) from abou t 61% in June, to  over 93% in August, followed by a sudden  decrease again 
to  44% in Novem ber due  to  waterfowl grazing in Sep tem ber and O ctober (B). Error bars indicate SD (num ber of replicates = 6 ). 
doi:10.1371 /journal, pone.0042060.g001

N orthern  Scandinavia an d  Siberia [17]. T h e  birds use a  num ber 
o f  different feeding techniques that depend on the w ater level. 
First, upending  can be used w hen the actual w ater level is still 
relatively high; next dabbling is em ployed in areas with a  few 
centim etres o f water, and  finally grubbing is the m ost com m on 
strategy on com pletely exposed parts [17,18], A lthough waterfowl 
can consum e significant am ounts o f  bo th  above- and  below ground 
biomass, seagrass is generally not com pletely rem oved, bu t 
reduced to about 5 to 15% cover. T his is because below this 
threshold feeding becom es energetically unprofitable for the birds, 
regardless o f their feeding m ode (‘giving-up density’) [17,19].

W e used a com bination  of field surveys, a  seagrass rem oval 
experim ent and  a  spatially explicit m odel to identify the driving 
m echanism s beh ind  the observed spatial mosaic. First, we 
quantified differences in sedim ent height betw een hum m ocks 
and  hollows an d  m easured the patchiness o f the system and  its 
change across the season. Second, we perform ed a  seagrass 
rem oval experim ent to test w hether seagrass indeed m odified its 
abiotic environm ent by sedim ent accum ulation. T hird , the effect 
o f  grazing by waterfowl on the spatial structure o f the system was 
assessed by  b ird  observations in Septem ber and  O ctober. Finally, 
to test w hether the identified interactions could indeed explain the 
observed spatial and  tem poral patterns, we constructed and  
analyzed a  spatially explicit m odel based on our field data.

Field Study M ethods

Site Description
T h e  study was conducted  on the intertidal m udflats at 

E m m apolder, T h e  N etherlands (53" 28 ' 0 N, 6" 45 ' 0 E) in 
2009. It is one of the few areas in the D utch W adden  Sea where 
postera noltii still occurs. G row th of this perennial seagrass starts in 
late April, peaks in sum m er, and  ends in late au tum n (O c to b er/ 
Novem ber) with seasonal senescence [20],

Measurements and Experiments
Differences in relative bed level height betw een hum m ock and  

hollows were m easured  using a  T rim ble Spectra Precision LL500 
Laser Level (Trim ble, California, LTSA). W e evaluated the size o f 
seagrass patches a t the site by  noting the positions o f seagrass edges 
in centim etres along six random ly selected 50 111 transects in Ju n e , 
August and  N ovem ber in a  1-hectare study area. Next, seagrass

cover was determ ined by calculating the percentage o f m udflat 
covered by seagrass patches.

T o  test w hether seagrass presence w ould indeed result in an 
elevated bed  level, we experim entally rem oved all above- and  
below ground biom ass in six 1 m~ plots that w ere situated on 
hum m ocks. Next, we com pared the change in bed  level from  the 
start in Ju n e  (a few days after seagrass removal) to the end o f the 
experim ent in August to six un trea ted  control plots. In  o rder to 
rem ove only seagrass and  no t the sediment, plywood fram es were 
h am m ered  20 cm  deep along plot edges during  low water. Next, 
the fram e was filled w ith w ater and  all seagrass shoots, roots and  
rhizom es were rem oved using a h an d  rake. After allowing 
suspended particles to settle, the w ater was slowly released and  
the fram e gently rem oved. H eight m easurem ents w ere perform ed 
a  few days after seagrass rem oval in Ju n e  and  again in August.

Finally, the effect o f grazing by waterfowl was evaluated by b ird  
observation during  two low tides (~ 4  observation hours pe r tide) 
in Septem ber and  O ctober. For this purpose, we used a Swarovski 
A T M 80-H D  spotting scope (zoom ocular 20 -6 0  x) placed on a 
9 111 high dike about 350 111 from  the site. O n e  observer JSE) 
no ted  the total num ber o f each b ird  species, recorded the num ber 
o f  feeding birds, their feeding m ode an d  w hether they w ere feeding 
on  hum m ocks an d  hollows. T o  enable an  assessment o f w hether 
the p roportion  o f feeding birds on hum m ocks differed from  those 
in hollows, we also no ted  the percentage cover o f hollows and  
hum m ocks by visual estim ation in a  random ly throw n 0.25 m~ 
fram e (60 replicates) in the 1-hectare study area.

Statistical Analyses
Differences in seagrass patch  cover betw een Ju n e , August and  

N ovem ber, as well as data  from  the seagrass rem oval experim ent 
were first tested for norm ality. As the da ta  were norm ally 
distributed, change in pa tch  size was then  analyzed using one­
way A N O V A . Because Levene’s test showed th a t variances were 
not equal, we used a G am es-H owell test for post-hoc com parisons. 
For the seagrass rem oval experim ent, we used a  two-tailed 
independent samples t-test to com pare the m ean  rate o f change in 
sedim ent height betw een control and  rem oval plots, and  we used a 
two-tailed pa ired  samples t-test to test for differences in sediment 
height w ithin treatm ents before an d  after the experim ent. Bird 
observation da ta  were analyzed w ith a  Chi-square test.

PLoS ONE I www.plosone.org 2 August 2012 | Volume 7 | Issue 8 | e42060

http://www.plosone.org


Ecosystem Engineering and Grazing Interact

Field Study Results

H eight m easurem ents in Ju n e  dem onstra ted  that hum m ocks 
were on average 5 .8 ± 1 .2  cm  (m ean ±  SD; n  = 6) h igher than  
hollows. Analysis o f transects o f  seagrass cover in Ju n e , August and  
N ovem ber dem onstrate significant differences betw een all three 
periods (ANOVA: F 2 17 = 66.6, p < 0 .001; Fig. IB). Seagrass cover 
was a round  61%  in Ju n e , increased to over 93% in August and  
decreased again to ju st over 44%  in Novem ber.

Experim ental seagrass rem oval in 1 -n r  plots resulted in a 
decrease in bed  level height, indicating loss o f  sediment stability. 
T h e  bed  level o f the control plots showed a  slight increase o f 
5 .8 ± 1 0  nin i (mean ±  SD), bu t this was no t significant (paired t- 
test: t5 = 1.41, p = 0.218). T h e  bed  level height in the experim ental 
rem oval plots decreased significantly com pared to the control plots 
(t-test: tio = 4.61, ƒ)<().001) an d  the rem oval plots also decreased 
significantly in height over tim e (paired t-test: ts = —5.86,
/i = 0.002) by 17.6± 7.3 nin i (m ean ±  SD).

Bird observations showed that m ixed flocks o f a round  150 b ren t 
geese (70%) an d  w idgeon (30%) grazed a t the site in  Septem ber 
and  O ctober, resulting in densities o f  a round  200 individuals per 
hectare. Even though hollows covered only 52% of the area, over 
98% o f the feeding birds (80% o f all) fed in hollows (x2 = 106.89, 
d f=  1, j6<0.001; Fig. 2A). Visual inspection revealed that birds 
mostly fed by dabbling  in hollows and  by grubbing on  hum mocks. 
Furtherm ore, hollows showed distinct signs o f  waterfowl grazing 
(e.g., tram pling an d  beak marks, uproo ted  plants, floating leaves) 
and  an  eventual reduction o f about 90% of the original seagrass 
cover (Fig. 2B). In  contrast, hum m ocks were hardly im pacted.

feeding strategy (dabbling) is only possible in  the water-logged 
hollows [18],

T o  test w hether these interactions could indeed explain the 
observed patchy landscape, we constructed a  m inim al, spatially 
explicit com puter m odel based on  our em pirical da ta  (see table 1 
for da ta  sources). T h e  m odel describes changes in seagrass shoot 
density and  bed  level height in two differential equations:

d z «
=fsrZi j  ( 1 - - ^ )  - m Z ÿ - G u J o Zu + h-¡

+  d z  SZ . ij ( 1 )

dH«
Zij +  hi

c Hij I d a SHij ( 2 )

Z íj and  H j  are the seagrass shoot density (shoots m  ~) and  bed  level 
height (m) in grid cell i, j  respectively. T h e  Laplace gradient 
operators d y and  dH  (day-1 ) describe diffusion of seagrass and  
sedim ent to neighboring grid cells to m im ic lateral dispersion of 
seagrass and  to p revent unrealistically large differences in bed  level 
height betw een bordering  cells (i.e., very steep slopes). Function f s 
(fjt w ith t as time, describes the seasonal differences in seagrass 
growth:

f s  = e~ ^ ) ) 2 (3 )

M odel Description

Results from  the field study suggest that the observed two-state 
m osaic o f hum m ocks and  hollows resulted from  an interaction 
betw een density-dependent hab ita t m odification by  seagrass and  
selective grazing by waterfowl. D ense seagrass stands accrete 
sediment, w hich causes elevation o f the bed  level com pared  to the 
bare  surroundings. H ow ever, sedim ent accretion is d isrupted in 
patches that are grazed by waterfowl in au tum n. This results in 
low-tide w aterlogged hollows in the m eadow  th a t are colonized by 
seagrass during  the grow th season, bu t are then  selectively grazed 
again by the waterfowl -  m ost likely because their preferred

T h e  m axim um  net logistic grow th ra te  is described by  r (day ), 
m is the m ortality  rate  o f  seagrass due to na tu ra l senescence 
(day-1 ) and  A is the carrying capacity (shoots m -2 ). T h e  m axim um  
sedim entation rate  o f suspended sedim ent is described by s (m 
day ■*), m axim um  erosion rate e (day ^  is calculated as the 
sedim entation rate  s divided by the m axim um  bed  level height 
H max (m ) and h2 (shoots m -2 ) is the seagrass density at w hich the 
sedim entation ra te  is 50%  o f the m axim um  sedim entation ra te  s. 
G;n is the m axim um  feeding ra te  for individual birds (sh ind 1 
day ^  and  h¡ (shoots m  2) is the ha lf saturation  constant for the 
density dependent feeding rate on  seagrass. Finally, function f G 
describes the local num ber o f birds per m 2 w hich is dependent on
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B

Figure 2. Over 98% o f all grazing waterfowl was feed in g  in hollow s (A), w hereas hollow s covered on ly  52% o f the entire 1-hectare  
area (x2 = 106.89, d f= 1 , pCO.OOl). Visual observations show ed obvious grazing scars in the  hollows (B): tram pling and beak marks, uproo ted  
plants, floating leaves, and a removal o f seagrass up  to  90% of th e  original biom ass. Hummocks, in contrast, w ere minimally im pacted. 
doi:10.1371/journal.pone.0042060.g002
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T a b le  1 .  Default param eter se ttings o f th e  spa tia lly  exp lic it model.

Default Unit Description Source

Variables

Z sh m“ 2 Seagrass shoot density

H m Bed height

Gf ind m" 2 Number of feeding waterfowl

Parameters

r 0.4 day-1 Relative growth rate *
m 0.007 day-1 Mortality rate *
K 5976 sh m“ 2 Carrying capacity *
s 0.00035 m day-1 Sedimentation rate *

Hmax 0.2 m Maximum bed height *
e S/Hmax day-1 Erosion rate

h i 594 sh m“ 2 Half rate constant for seagrass feeding rate 1,*

h2 1500 sh m“ 2 Half rate constant for sedimentation rate *

Gmax 0.03 ind m" 2 Maximum number of waterfowl *

Gin 16967 sh ind-1 day-1 Maximum intake rate for waterfowl foraging 1,*

GUD 0.1 K sh m“ 2 Giving-up density for waterfowl foraging 1,2

Gl 0.984 Fraction of waterfowl feeding in hollows *,2

Gh 0.016 Fraction of waterfowl feeding on hummocks *

Hc 0.08 m Critical bed height for waterfowl foraging *

dz 0.2 r day" 1 Diffusion rate constant for seagrass -T

d H 0.2 e day" 1 Diffusion rate constant for bed height -1-

(*) Obtained from field data, (1) Percival & Evans (1997), (2) Ganter (2000), (±) Gradient operators dz and d H were set at 20% of the maximum growth and erosion rate 
respectively. Parameters measured in the field resulted either from fieldwork published in this study or from [10]. 
doi:10.1371 /journal.pone.0042060.t001

the season, seagrass density and  the bed  level height. W aterfowl 
are absent during  m ost o f  the season (fG = 0), bu t are present on  a 
gridcell in au tum n betw een days 243 and  334 of the year (tr) 
p rovided that local seagrass density is above the giving-up density 
threshold (GUD; shoots m  ~):

f G = GF i f  243 < ty < 3 3 4  & Z g > GU D  (4)

T h e  num ber o f feeding birds (Gp, ind  m  2) depends on  the
num ber o f present waterfowl and  the elevation o f the grid cell:

Gf  — G max Gr  i f  H ÿ > H c

Gf  = G,„ax Gl  i f  H g <  H e

W here Gmax describes the m axim um  num ber o f birds (ind m _ ~), 
Gp[ and  Gp are the feeding fractions on  high and  low parts 
respectively an d  H c is the critical elevation threshold (m).

T o  investigate w hether the m odel could indeed generate the 
spatial and  tem poral patchiness observed in the field, we 
random ized seagrass density an d  sedim ent height betw een zero 
and  ha lf o f their m axim a (0.5 A 'and  0.5 E max respectively) across a 
2 0 0 x 2 0 0  grid and  ran  the m odel at default p a ram ete r settings 
(Table 1) for 100 years. Additionally, we perform ed a  bifurcation 
analysis on  the m axim um  num ber o f waterfowl an d  the m axim um  
sedim entation ra te  in a  non-spatial version o f the m odel (i.e., a 
‘single grid cell’ system). Bistability in this non-spatial m odel is a 
necessary condition for mosaics in the spatial version o f the m odel;

i.e., alternative ‘hollow’ and  ‘hum m ock’ states need to be possible 
at the same external conditions. T o  exam ine in w hat ranges o f 
sedim entation rates an d  waterfowl densities such alternative stable 
states are possible, each param eter was gradually increased in 
small steps. After each increase, the m odel was allowed to stabilize 
and  the average shoot density an d  sedim ent height across the year 
were recorded. Next, the same procedure  was also perform ed in a 
backw ard m anner, i.e., a  gradual decrease o f  p a ram ete r values. 
W e used the results from  this bifurcation analysis to construct a 
tw o-dim ensional plot o f waterfowl num bers (Gmax) an d  sedim en­
tation  rate  (s). T he range o f param eters w here alternative stable 
states are present in this m odel indicates the p a ram ete r space 
w here mosaics are possible in the spatial m odel. N ote that, 
although local bistability is a  requisite for mosaics, patch  size and  
distribution in  the spatial m odel will also depend on the initial 
conditions o f £  and  E.

Model Results

M odel simulations confirm ed that the identified interactions 
betw een sedim ent accretion by  seagrass and  grazing by waterfowl 
could indeed explain the observed spatial an d  tem poral patterns 
(Fig. 3, Movies SI & S2). Sim ilar to the field situation (Fig. IB), 
seagrasses covered hum m ocks th roughout the year. Hollows were 
colonized during  the grow th season, leading to full cover in 
sum m er. How ever, these depressions a re  grazed in autum n, 
thereby preventing these patches to accum ulate sedim ent and  
re tu rn ing  the system to its initial patchy  state.

T h e  two-dim ensional bifurcation analysis o f  the m axim um  
sedim entation ra te  (s) an d  the m axim um  num ber o f waterfowl
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Figure 3. M odel sim ulations at defaults settin gs dem onstrated  that interactions betw een  sed im ent accretion by seagrass and 
se lective  grazing o f low  parts by w aterfowl in autum n could indeed explain th e  observed  tem poral and spatial patterns in the field.
doi:10.1371/journal.pone.0042060.g003

(Gmax) in the non-spatial m odel dem onstra ted  the possibility for 
spatial mosaics over a  wide range o f p a ram ete r settings (Fig. 4). At 
low sedim entation rates, bistability appears ju st above zero 
waterfowl num bers until well over the observed num ber o f 
waterfowl in the field. At extrem ely high waterfowl num bers, the 
m osaic collapses to a  state w here the com plete m eadow  is grazed 
in autum n, bu t is still able to recover in the next grow th season. 
W hen the sedim entation ra te  is set extrem ely high, hollows can 
accum ulate sufficient sediment in one grow th season the reach a 
‘hum m ock state’, thereby excluding m ost o f the waterfowl in the 
m eadow.

Discussion

Spatial heterogeneity  in ecosystems can  be caused by abiotic 
variability, bu t can also result from  feedback m echanism s [8,21]. 
Such feedbacks em erge w hen organism s significantly m odify their 
environm ent (i.e., ecosystem engineering) [2,21], bu t can  also be 
caused by  plant-herbivore, predator-prey  and  host-parasitoid 
interactions [12,13,22,23]. In  this study, we report on  a  spatial 
m osaic o f low-tide exposed hum m ocks and  w aterlogged hollows 
that results from  an interaction betw een sediment accretion by 
seagrass and  selective grazing by waterfowl, thereby illustrating 
that interactions betw een ecosystem engineering by a  foundation 
species and  grazing can  cause spatial structuring in ecosystems. 
This finding is im portan t because studies ranging from  arctic to 
tropical environm ents and  from  terrestrial to m arine ecosystems 
have dem onstra ted  that spatial heterogeneity  is often essential for 
ecosystem functioning [1-4],

O u r study exemplifies how  an interplay betw een biotic and  
abiotic factors can spatially structure intertidal seagrasses. T he 
possibility o f patchiness being  solely driven by underlying abiotic 
heterogeneity  o r seagrass ecosystem engineering can be discarded 
because seagrasses colonized bare  areas in sum m er an d  were

observed to only re treat again due to waterfowl grazing. Similarly, 
our observations also reveal that waterfowl grazing alone is not 
sufficient to explain the observed spatial patchiness an d  tem poral 
trends, as observations showed that grazing intensity was strongly 
driven by sedim ent height, w hich in tu rn  was dependent on 
sedim ent accretion by  seagrass. A lthough ou r study cap tured  the 
m ost im portan t structuring m echanism s, some processes have 
been  disregarded or were simplified in b o th  the m odel and  the 
field experim ents. Exam ples o f factors possibly affecting the 
observed patchiness are b io turbation  by infauna [10], local 
differences in curren t velocity an d  sedim entation, an d  stochastic 
events like storms or desiccation of seagrasses a t low tide during  
days with high tem peratures [24], A nother simplification is our 
description o f grazing in the m odel. H ere, grazing is described as a 
process that only removes seagrasses from  the system. In  reality, 
depending on the feeding m ode (i.e., dabbling, grubbing), grazing 
by waterfowl also decreases the cohesiveness o f the sediment, 
thereby increasing erosion in the im pacted areas. As dabbling (the 
preferred  feeding strategy) directly results in sedim ent resuspension 
in the hollows, this will m ost likely have the m ost p ronounced  
effect on  sedim ent erosion. This suggests that we m ay have 
underestim ated  the overall effect o f waterfowl grazing on erosion 
o f grazed patches in our m odel, w hich w ould in tu rn  imply that the 
‘hollow -state’ is in reality m ore resilient than  in the default setting 
o f our m odel. Nevertheless, our bifurcation analysis (Fig. 4) clearly 
dem onstrates that alternative stable states exist over a  m uch w ider 
range of grazing intensities and  sedim entation-erosion balances 
th an  those m easured in  the field, indicating that an  under- or 
overestim ation o f grazing a n d /o r  erosion does not fundam entally 
a lter our results.

T h e  spatial structure o f  seagrass ecosystems is often a ttribu ted  to 
abiotic factors such as wave action, currents, sedim ent transport 
and  light [25-29]. R ecen t studies, however, have shown that 
seagrasses are strong ecosystem engineers th a t often im prove their
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Figure 4. A tw o-dim ensional bifurcation analyses o f th e  maximum sed im entation  rate s a n d  the m axim um  num ber o f waterfowl 
Gmax{on a log-scale) in th e  non-spatial version o f th e  m odel dem onstrates that landscape m osaics can appear over a w ide range of  
param eter settings. The solid line indicates the  threshold betw een  a m osaic sta te  and the  conditions w here seagrass is com pletely grazed dow n in 
au tum n. A sta te  with an elevated bed level and low grazing is th e  only possible sta te  below  and right o f th e  dashed line. Default param eter settings 
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own conditions, for instance by lowering nu trien t levels, a ttenu­
ating hydrodynam ics and  accum ulating sediments [15,30,31]. 
M oreover, w hen such positive feedbacks in teract with negative 
feedbacks, it m ay lead to spatial self-organization in  seagrasses 
[24], Furtherm ore, intensive grazing by waterfowl, turtles, 
dugongs, m anatees an d  urchins has been  dem onstra ted  to have 
significant effects on  the spatiotem poral structure an d  overall 
productivity o f  seagrasses as well [17,32-34], O ver the last 
century, seagrass m eadows have been increasingly disturbed by 
hu m an  activities (e.g., eutrophication, siltation, dredging), resulting 
in d ram atic and  large-scale losses worldwide that were in m any 
cases unexpected  [15,35,36], O u r results support the notion  that 
consideration o f biological interactions betw een seagrasses and  
associated organisms m ay be crucial for conservation and  
restoration efforts in m any seagrass ecosystems [37,38],

Spatial patchiness caused by ecosystem engineering interacts 
with bo th  abiotic stress and  grazing in various ecosystems 
[21,24,39-41], How ever, grazing in  these previously studied 
systems is no t p a rt o f the structuring feedback m echanism s, and  
the disruption o f these feedbacks by  grazing therefore typically 
induces loss o f spatial structure [9,39,40], In  contrast, the 
interaction with grazing is the actual cause of spatial patchiness 
in our system. Furtherm ore, in contrast to results from  resource- 
lim ited systems, our m odel does not predict a  com plete collapse o f 
the vegetation above a  certain  threshold for grazing [39], bu t 
ra th e r a  hom ogeneous state o f intense periodic grazing (Fig. 4).

T h e  seagrass m eadow  in our m odel does no t collapse because (1) 
seagrass grow th is no t resource-lim ited and  (2) waterfowl grazing is 
periodic an d  does not continue below 10% of the m axim um  
seagrass density (‘giving-up density’). T hese results are in 
agreem ent with o ther studies on waterfowl grazing in  intertidal 
seagrasses that show that seagrass survival and  production  are 
either no t m arkedly im pacted [17] o r even facilitated by  waterfowl 
grazing [33,42]. O u r study therefore supports the notion  that the 
driving m echanism s beh ind  spatial structuring should be well 
understood before using patchiness as an  indicator o f stress in 
ecosystems [24,41],
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