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ABSTRACT: Successful m anagem ent and restoration of coastal vegetation requires a quantitative 
process-based understanding of thresholds ham pering (re-)establishm ent of pioneer vegetation. We 
expected scouring to be im portant in explaining the d isappearance of seedlings and/or small p ropag­
ules of intertidal plant species, and therefore quantified the dependence of scouring on plant traits 
(flexibility, size) and physical forcing by current velocity. Flume studies with unidirectional flow 
revealed that scouring around seedlings increased exponentially with current velocity and according 
to a pow er relationship w ith plant size. Basal stem diam eter rather than shoot length controlled scour­
ing volume. Flexible shoots caused far less scouring than stiff shoots, provided that the bending 
occurred near the sedim ent surface as was the case for Zostera, and not on top of a solid tussock base 
as we observed for Puccinellia. Therefore, shoot stiffness is likely to strongly affect the chances for 
initial establishm ent in hydrodynamically exposed areas. Plant traits such as shoot stiffness are sub­
ject to a trade-off betw een advantages and disadvantages, the outcome of w hich depends on the 
physical settings.
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INTRODUCTION

Coastal vegetation is regarded  as a highly valuable 
ecosystem in that it provides a broad range of ecosys­
tem services, but is th reatened  world-wide by global 
change processes and anthropogenic disturbances 
(Lotze et al. 2006, O rth et al. 2006, Barbier et al. 2008). 
Large areas of coastal vegetation are frequently lost 
while (re-)establishment of vegetation on bare sedi­
m ent appears to have low chances of success (e.g. see 
van W esenbeeck 2007, van Katwijk et al. 2009 and ref­
erences therein). A m eta-analysis of seed addition ex ­

perim ents (Clark et al. 2007) suggested that establish­
m ent limitations are generally stronger than seed limi­
tations (for salt m arshes see Rand 2000, G arbutt et al.
2006), m eaning that understanding the re-establishment 
of coastal vegetation on natural bare mudflats requires 
insight into the processes that cause seedling and/or 
propagule loss. Recent studies have suggested that 
coastal vegetation such as seagrasses and pioneer salt- 
m arsh vegetation may follow the alternative stable 
states theory (van der Heide et al. 2007, van W esen­
beeck 2007), indicating that positive feedback loops in ­
fluence their dynamics and that minimum thresholds
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need to be surpassed for state changes to occur (e.g. see 
Scheffer et al. 2001 and references therein). T ransplan­
tation experim ents w ith seagrass and salt-m arsh plants 
revealed that surpassing biomass or density thresholds 
may increase seedling survival of intertidal vegetation 
significantly (Bos & van Katwijk 2007, van W esenbeeck
2007). Here we attem pted to obtain a quantitative u n ­
derstanding of the processes inducing thresholds for 
seedling and/or propagule settlem ent, as this is highly 
im portant for coastal m anagem ent and restoration.

At low intertidal elevations, hydrodynam ic forces 
from waves and currents are known stress factors that 
influence settlem ent and survival of many intertidal 
species (e.g. see Bruno 2000, Robbins & Bell 2000, Bos 
& van Katwijk 2007). This applies to a broad range of 
different vegetation types, including intertidal sea­
grass vegetation with flexible shoots as well as salt- 
m arsh vegetation that can have stiff shoots or flexible 
shoots on a solid tussock base. In riparian vegetation 
along rivers, scouring by high flows has been  identi­
fied as one of the main reasons for seedling mortality 
(Polzin & Rood 2006). As scouring by high velocities 
can negatively affect the lateral expansion of tussocks 
in intertidal systems (van W esenbeeck et al. 2008 and 
references therein), scouring may also be an im portant 
factor in explaining the d isappearance of seedlings 
and/or propagules of intertidal plant species. Previous 
studies have shown that shoot stiffness is a major influ­
ence for the drag forces on individual shoots and for 
the way in w hich shoots modify local hydrodynamics 
and thereby sedim ent dynamics (Bouma et al. 2005). 
Shoot stiffness may therefore also determ ine scouring 
around propagules, w hich in turn  may be decisive for 
survival and establishm ent of new  vegetation.

In order to develop a m echanistic understanding of 
the processes that may affect recruitm ent in salt-marsh 
and seagrass ecosystems and to further enhance our 
fundam ental understanding of the role of shoot stiff­
ness for the functioning of vegetation in hydrody- 
namically driven ecosystems, we quantified scouring 
processes in relation to the flexibility and size of 
plants and to physical forcing by current velocity. 
We addressed these questions in a flume study by 
analysing how seedlings of different size for species 
with contrasting stiffness, as well as defined mimics 
with similar shape but different m echanical properties, 
affect overall scouring volumes.

MATERIALS AND METHODS

Mimics of individual single plant shoots w ere used to 
m easure how the combination of stiffness, diam eter 
and shoot length  affects scouring. W hereas in natural 
species such traits are often correlated, using mimics

allowed us to vary these plant traits independently. We 
used strips of contrasting flexibilities to determ ine the 
effect of shoot stiffness. Zostera-like flexible plant 
mimics w ere m ade by cutting a plastic folder into strips 
(100 mm long, 5 mm wide) and tie-w raps (cable ties) of 
identical dimensions w ere used to mimic stiff Spartina 
shoots (cf. Bouma et al. 2005). The single strips to 
mimic a single shoot w ere placed with the 5 mm wide 
area facing the current. To quantify the effect of stem 
diam eter and stem length on scouring, single m etal 
bars w ere used to mimic differences in stem diam eter 
and stem length.

In addition to plant mimics, we also studied real 
plants of Spartina anglica, Zostera noltii and Puccinel­
lia maritima. The stiff salt-m arsh pioneer Spartina and 
the flexible seagrass Z. noltii inhabit the lower parts of 
the vegetated  intertidal m arsh areas in most of NW 
Europe (Bouma et al. 2005), w hereas the flexible 
m arsh species Puccinellia dom inates pioneer zones in 
the barrier islands in the Dutch W adden Sea (Bakker et 
al. 2002). The flexible Puccinellia grows as small 
above-ground tussocks w ith a massive base, w hereas 
Spartina and Zostera have below -ground rhizomes so 
that the above-ground plants appear to exist of individ­
ual shoots. Individual Spartina and Puccinellia plants 
w ere cultured from seed in a grow th chamber, in trays 
that exactly fitted the test section of the re-circulating 
Rostock laboratory flume (1 m x 0.25 m and 0.1 m 
deep); Z. noltii was transplanted from the field.

Sedim ent dynamics (median grain size of 192 ± 
1.9 pm; n = 8) around plants and mimics w ere m easured 
at Rostock University in a re-circulating laboratory 
flume channel w ith a 3 m long and 0.4 m wide channel. 
For a full explanation of the technical aspects of the 
flume and its instrum entation and the rationale behind 
the hydrodynam ic settings, we refer to Bouma et al. 
(2009) and references therein. H ere we briefly sum ­
marise the most im portant points. C urrent was gener­
ated by a propeller in the return  pipe and turbulence 
levels in the flume w ere reduced by collimator grids in 
the inflow zone. Current velocity was m easured with an 
acoustic Doppler flow sensor (ADV) at 5 cm above the 
bottom and was around 0.35 m s-1 at a w ater level of 
0.12 m. These flow conditions are representative for the 
early phase of the upcom ing flood in the estuarine sys­
tems that we study. After 30 min of exposure to a flow of 
0.35 m s-1, the sedim ent dynamics had  reached steady 
state, m eaning that longer time does not cause addi­
tional scouring. Plants w ere cut off at the sedim ent sur­
face, w hereafter changes in surface elevation w ere 
m easured using an autom ated laser system m ounted to 
a 3D-positioning carriage. This laser system offered a 
vertical detection accuracy of 0.3 mm, while using a 
spatial grid resolution of 3 mm in both the X (parallel to 
the flow) and the Y (cross-stream) direction.
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RESULTS

Exposure to current velocity caused clear scouring 
patterns around seedlings and plant mimics. The 
eroded volume increased exponentially w ith current 
velocity, w hich was more pronounced for stiff than for 
flexible structures (Fig. 1). M easurem ents on single 
shoots of Spartina and Zostera noltii confirmed the dif­
ference that was observed betw een  the stiff and flexi­
ble mimic strips (Fig. 1). In contrast to this, the eroded

10.0 -,
CO

E

CD
1.0 -

E
=5

O
>
"Ö 0.1 -
CD

"Ö
O

iii

0.0

o Flexible artificial 
▲ Stiff artificial
♦  Spartina 
■ Zostera

Á r'
Í
o

- - ' O

10 15 2 0  25

Flow velocity (cm s-1)
30 35

Fig. 1. Effect of shoot stiffness a n d  cu rren t velocity  on  scour­
in g  volum e, as a sse ssed  b y  co m paring  m im ics w ith  exactly  
th e  sam e d im ensions (100 m m  long, 5 m m  w ide) b u t d iffering  
in  stiffness. T he Z ostera-like  flexib le p lan t m im ics consisted  
of a  sing le  th in  p lastic  strip , w h e rea s  th e  S parffna-like  stiff 
p lan t m im ics consisted  of a  sing le  tie -w rap  (cable tie; cf. 
B oum a e t al. 2005). E ach  p o in t re p re se n ts  a  sing le  m e a su re ­
m ent. For th e  h ig h es t velocity, th e  resu lts  of th e  m im ics w ere  
com p ared  to sing le  m easu rem en ts  on  seed lin g s of S. anglica  
an d  Z. nottii. R egression  lines for Spartfna-like  stiff m im ics 
an d  Z ostera-like  flexib le m im ics a re , respectively , as follows: 
e ro d ed  vo lum e = 0.0262 e01î'6yveloc (R2 = 0.99) a n d  e ro d ed  

volum e = 0.0165 e0143yveloc (R2 = 0.94)

volume did not differ betw een stiff Spartina, flexible 
Puccinellia and m etal bars over a range of sizes 
(Fig. 2). These m easurem ents only showed that the 
eroded volume strongly increased w ith plant size 
expressed either by w eight (for m etal bars, 'w eight' 
was recalculated using the observed weight:volume 
ratio of plants) or cumulative stem diam eter and was 
independent of shoot stiffness (Fig. 2). We observed 
that the Puccinellia seedlings rapidly formed a solid 
tussock base that formed a visible obstruction to the 
flow, w hereas the flexibility is only present higher up 
in the w ater column (data not shown). To test if this 
might explain the contrasting observations on the 
scouring effect of flexible vegetation, we com pared 
scouring around m etal bars of different length and 
diameter. These tests showed that the eroded volume 
was mainly determ ined by the basal diameter. Reduc­
ing the length of a bar had no effect on the eroded vol­
ume, even though the overall volume of the bar was 
strongly reduced (Fig. 3). Thus, the solid tussock base 
of Puccinellia drives scouring, w hereas the flexibility 
higher up in the w ater column has no influence on the 
scouring. Overall, these results show that both stiff 
plants and flexible plants w ith a solid tussock base 
cause significant scouring (Fig. 2), w hereas scouring 
around seagrass-like plants w ith flexible bases is m in­
imal (Fig. 1), and that plant diam eter rather than shoot 
length determ ines the degree of scouring (Fig. 3).

DISCUSSION

Since scouring is known to cause seedling mortality 
in riparian vegetation (Polzin & Rood 2006), there is 
urgent need for m echanistic insight in scouring around
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Fig. 2. Effect of shoot size ex p ressed  as fresh  w e ig h t (FW, left) or overall s tem  d iam ete r (right) on scouring  volum e, co m paring  th e  
stiff salt m arsh  p io n ee r Spartina  anglica, th e  flexib le m arsh  spec ies Puccinellia m aritim a  an d  sing le  m eta l bars. T he p lan t FW  in ­
cludes th e  to ta l of th e  a b o v eg ro u n d  m ateria ls . T he w e ig h t of th e  m eta l b a rs  w as ca lcu la ted  by  m ultip ly ing  th e  vo lum e of th e  b a r 
w ith  a  w e igh t:vo lum e ra tio  of 0.86 ± 0.1 g  FW cnT 3 as d e te rm in e d  for Spartina  a n d  Puccinellia  p lan ts  (n = 8). For Spartina, 
w e  u se d  th e  d iam ete r of th e  m a tu re  m ain  shoot. If th e re  w e re  2 m a tu re  shoots cau sin g  erosion, th e  sum  of b o th  d iam eters 
w as tak en . For Puccinellia, th e  d iam ete r reflects th e  d iam ete r of th e  tu sso ck  b ase . R egression  lines a re  as follows: e ro d ed  

vo lum e = 2.63 X w e ig h t1,11 (R2 = 0.87) a n d  e ro d ed  vo lum e = 0.05 x  (stem  d iam ete r)2,90 (R2 = 0.77)



296 M ar Ecol P rog  Ser 388: 29 3 -2 9 7 , 2009

1 0 0 -,

I T  i o -
CD

I  1-
O 
>
"Ö
- Ö  0 . 1  -  o
LU

0.01 -  

0.01

Volume metal bar (cm3)
Fig. 3. V isual d em o n stra tio n  of th e  im p o rtan ce  of th e  b a sa l b a r 
d iam ete r (W) ra th e r th a n  b a r  vo lum e in  d e te rm in in g  scouring  
volum e. A re d u c tio n  of b a r  vo lum e by  re d u c in g  th e  le n g th  (L) 
does no t affect th e  scouring  vo lum e (shift a long  arrow ). 
R egression  line  for all m eta l b a rs  of 120 m m  le n g th  is as 
follows: e ro d ed  vo lum e = 2.04 x (volum e b a r)1,43 (R2 = 0.94)

seedlings and/or propagules of world-wide declining 
seagrasses and intertidal salt-m arsh species. Our 
flume study revealed that scouring around seedlings 
strongly increases w ith current velocity, basal diam e­
ter and shoot stiffness, provided that the bending 
occurred near the sedim ent surface and not on top of a 
solid tussock base. We note, however, that while our 
flume study illustrates general principles on the 
relation betw een scouring and plant traits (Figs. 1 to 3), 
quantitative predictions for different locations will 
depend  on local hydrodynam ics and sedim ent pro­
perties.

Large-scale observations on extension of coastal 
vegetation in relation to shelter (Fonseca & Bell 1998, 
van der Wal et al. 2008 and references therein) support 
the contention that physical factors are of overruling 
im portance in seedling and/or propagule survival for 
both stiff and flexible species. Knowledge on the criti­
cal erosion levels causing seedling/propagule m ortal­
ity rem ains scarce, but indicates that a 2 cm erosion 
may cause 50% mortality in some species (Houwing 
2000, Cabaço et al. 2008). Hence w e postulate that in 
the case of stiff seedlings or propagules (including 
flexible seedlings w ith stiff bases), seedling and/or 
propagule survival could be related  to scouring pro­
cesses, w hereas in flexible plants, this m ight only be 
the case under extrem e hydrodynamic conditions. The 
evident im portance of plant flexibility/stiffness in com ­
bination w ith plant morphology (i.e. forming a dense 
tussock or not) on scouring is likely to have conse­
quences for the chances of seedling or propagule 
establishm ent of different plant species in hydrody- 
namically exposed areas. A high flexibility as e.g. in 
the seagrass Zostera noltii is likely to offer a higher 
chance for establishm ent in relatively exposed tidal

flats (cf. van Katwijk & W ijgergangs 2004) than the stiff 
shoot morphology of the m arsh species Spartina and 
the dense tussock formation of Puccinellia.

Despite the clear influence of shoot stiffness on the 
chances for initial establishm ent, it is not possible to 
directly extrapolate this to fitness consequences. For 
example, hydrodynamic forces may prevent estab ­
lished seagrass seedlings from developing into adult 
plants (van Katwijk & W ijgergangs 2004), suggesting 
that flexible tissues may be too w eak to tolerate the 
m echanical stress. On the other hand, flexibility may be 
highly im portant in preventing desiccation stress to 
seagrasses that live in intertidal zones, by keeping 
plants moist during low tide by lying flat on the wet 
sedim ents (Boese et al. 2005). The stiff stems that 
may initially ham per the establishm ent of Spartina 
seedlings may later have a strong positive effect on 
plant perform ance by trapping sedim ent and particu­
late m aterials (van W esenbeeck et al. 2008).

In summary, our study on scouring around seedlings 
provides additional evidence that shoot stiffness re ­
flects clear trade-offs to plants living in intertidal 
ecosystems (Bouma et al. 2005), w ith the costs and b en ­
efits involving a broad range of factors that deserve 
more study. W hereas it is clear that scouring around 
seedlings strongly increases w ith current velocity, basal 
diam eter and shoot stiffness, a better insight into the 
role of erosion for seedling and/or propagule survival 
requires further investigation.
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