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Global analysis: 1786 trials

Enhalus acoroides
Amphibolis antarctica\ Ruppia maritima
Posidonia australis
Posidonia sinuosa
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Number of trials

600

Zostera noltii

500
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100

Species used in the trials

0




LD - LD @ Lo -
~ — - o =}

Distance from donor site

210DS $S220NS pojel @mwc_

2.5 — Plant material and anchoring technique

24025 SS920NS pajel @w”_.C_

Donor site
recovered

o
=
=
=
i,
el
[e]
o
)
©]
=
o
]
=
(9}
]
©
A
(o]
]
v
=]
©
o

Lo o
N N

210DS §52920NS _omwmcmwwpc_ 2J0DS SS220NS Uwum‘_@wuc_

2
92,
=
©
C
©
[
O
O
O




Global analysis: importance of
Estimated Scale —

survival after

2 yr
% 40%

20% A

Mean growth rate
month -

0.2 A
0.1 ~
.
-0.1
-0.2 A
0.3 l l l l . Initial number of
shoots or seeds
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Why?

1. Positive feedback
requiring critical mass
2. Environmental variability

requiring spreading of risks
(to find a window of opportunity)

Or: extinction risk increases when population
size is low (Allee-effects) and environmental
variability is high (basic population dynamics
theory)
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Simple ecosystem

No ecosystem

Presence of ecosystem

Environmental stress

Complex ecosystem

Bare area
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Environmental stress

Complex systems
usually show non-
linear dynamics

This Is due
to positive
feedbacks




Bistability: When the positive
Two stable states under the feed baCkS are Very

same external circumstances ] .
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Seagrass example

state 1. seagrass present and clear water
state 2: and turbid water
under the same external circumstances

Seagrass

=
>
=
o
C
()
O

.~ no seagrass

e
o
o

e
7))
/9]
7))
(©
—
(@)
(©
)

n

wave enNergy (max. orbital velocity m s-)

Positive Feedbacks in Seagrass
Ecosystems: Implications for Success

in Conservation and Restoration
Ecosystems 2007

Tjisse van derHeide,"** Egbert H. van Nes,* Gertjan W. Geerling,*
Alfons J. P. Smolders,*® Tjeerd ]. Bouma.,® and Marieke M. van Katwijk®

uates waves & currents

Also Carr et al. 2010, 2012




Table 1. Feedback mechanisms known to occur in seagrass ecosystems (for further details see online Appendix 81). Green indicates self-amplifying feedbacks, wherchy

increase in seagrass density generates condlitions which promote further increase in density, until carrying capacity is reached or poor environmental conditions overwhelm BIO LOG IC L
the feedback. Red indicates self-dampening feedbacks, whereby increase in seagrass presence creates conditions adverse to seagrass, such that seagrass subsequently declines £ Cam hrld‘ge
Yellow indicates feedbacks, which can be both self-amplifying and self-dampening RE V IEW S Philosophical Society
- P 2017), 92, pp. 1521-1538. 1521
Fecdback name Feedback description Operates under following conditions and scale: 11/brv. 12294
Climate Hydrodynamics ~ Nutrient state Spatial scale
1 Sediment trapping Scagrass traps water column sediment, improving water clarity, All (Semi-Jexposed All ~1->100m

seagrass growth, and seagrass depth range (e.g. de Boer, 2007;

Carr etal., 2010, 2012a,b; Hansen & Reidenbach, 2012; Lawson The fundamental rOle Of ecological feedback

elal, 2012).
2 Erosion-facilitated Interacting positive and negative feedbacks of erosion/sediment Observed in Exposed All ~1-~10m . ]
spatial patterning trapping acting at small and larger scales lead to self-organised temperate h f h d f
e g v e el el 2010 . el mechanisms 10or the a aptlve manag ement o
3 Reducedintertidal  High-density seagrass reduces desiccation in intertidal areas, All but drought ~~ All All ~l=~10m
desiccation creating more favourable seagrass growth conditions higher in stress =
intertidal zone (e.g. Fox, 1996; ‘I'sai etal, 2010) increases with S e agra S S e C O S y St e I . . S — a r evl ew
temperature
4 Ammonium uptake  High-density seagrass takes up more ammonium, reducing All Sheltered Eutrophic ~10->100m

toxicity, favouring seagrass growth (e.g. McGlathery et al,, 2007,
2012; van der Heide etal., 20108; Cole & McGlathery, 2012)

R B e e bt A B Paul S. Maxwell':*, Johan S. Eklof2, Marieke M. van Katwijk?, Katherine R. O’Brien!,
disruption physical stress on seagrass plants and stabilising sediments. . R * i e i N i Z 6
Small seagrass patches or meadow edges may increase Maricela de la Torre-Castro I 3 Christoffer Bostrom?, ‘1 ]l'l.']'d ] Bouma”, Dorte

turbulence locally resulting in erosion and scouring (e.g.

- 78 T e T Thacunl® Thas T k310 g

Fonscca & Kochi, 2006; Bos & van Katwik, 2007; Infantcs et Krause-Jensen’ * Richard K. F. Unsworth?, Brigitta I. van Tussenbroek®!” and [jisse

2009; van Katwik etal, 2010) Ny E + 1 11 g
: van der Heide

* angin~ sediment  High-density seagrass captures fine material, sediments become All (Semi-Jexposed All
size muddier. In small low-density patches, sediments can become

more sandy (c.g. Bouma efal., 2009; van Katwijk etal., 2010;

The feedback can be positive for seagrass
i o G s (=self-facilitation, or self-sustaining, or self-amplifying)

¢ ncen. don thus imoroving sediment conditions for seagrass temperature

<1->100m

gron.(e Boru * .al. "005; Mascaro etal., 2009; Brodersen

B O el The feedback can be for seagrass
i (=self-inhibiting, self-dampening)

seagrass provides lucuuas v axyg 1 (van der Heide etal,,
[ ngnm
w S Or both, dependi ng on the conditions

201 ouw elal,, 201t,

aerobic organic matter mineralisation, ner. 'sing
levels of calcium carbonates and phosphates, auu
increasing P availability and thus increases seagrass
growth (Marba etal., 2006; Burdige, Zimmerman &
Hu, 2008; Long efal, 2008)

12 Genetic diversity Meadows with high genetic diversity and connectivity All All
between regions show ncreased community-level
persistence against disturbance (e.g. Williams & Heck,
2001; Hughes & Stachowicz, 2004; Procaccini, Olsen
& Reusch, 2007; Reynolds, Waycott & McGlathery,

Carbonate dissolution

>1km

2013)
13 Mesograzer habitat Seagrass shelters mesograzers from predation, increasing Al Semi-exp. edte ™ "~<otrophic to ~1->100m|
epiphyte grazing, improving light availability and sheltered ev ‘ophic

seagrass growth (e.g. Schanz & Asmus, 2003;
Valentine & Duffy, 2006; Duffy etal., 2015)
14 Juvenile predator habitat Seagrass shelters juveniles of large predators which as All Semi-exposed to Mesc ~ank’to
adults control smaller predator density, leading to sheltered cutrop.ic
more mesograzers (c.g. Valentine & Dufly, 2006;
Eriksson etaf., 2011)
15 Megaherbivore-induced High seagrass biomass attracts megagrazers (e.g. turtles, (Sub-jtropical Semi-exposed to Mesotrophic to ~1->100m|
nutrient tolerance dugongs) whose grazing activities alleviate the sheltered cutrophic
negative effects of eutrophication by stimulating
seagrass production (¢.g. Christianen efal,, 2012)

Sea urchins. grazing Overgrazing of seagtass by sea urchins reduce (Sub-tropical
aboveground biomass which leads to increased
predation pressure on sea urchins, through the loss of

shelter, leading to reduced urchins and

seagrass density (e.g. Heck & Valentine,

Maxwell et al. 2017
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Dynamics
Large variabllity of results Zostera noltii

transplantation in dynamic environment

Oosterschelde', The Netherlands, transplantations 2007-2012, monitoring ongoing

- [WeeA 7 L7 e - e

Foto’s: Wim Giesen Projectbureéu'Zeeweringen, Rijkswaterstaét, Rédboud University Nijmegen, NIOZ-Yerseke




6 tidal flats

Suykerbuyk, Govers, Bouma, van Katwijk et al. J.Appl.Ecol. 2016
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In this case, key variables to the success were:
sediment dynamics (lower depth) and

desiccation (upper depth)
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In this case, key variables to the success were:
sediment dynamics (lower depth) and
desiccation (upper depth)

Sediment dynamics and desiccation are partly
unpredictable (stochastics of the wheather). These
natural dynamics also make seagrass restoration
success unpredictable to a certain extent...

This likely applies to many seagrass restorations
worldwide!

Journal of Applied Ecology

Journal of Applied Ecology 2016, 53, 774-784 doi: 10.1111/1365-2664.12614

Unpredictability in seagrass restoration: analysing the
role of positive feedback and environmental stress on

Zostera noltii transplants

Wouter Suykerbuyk'?*, Laura L. Govers', Tjeerd J. Bouma?, Wim B. J. T. Giesen'?,
Dick J. de Jong® Roy van de Voort?, Kris Giesen', Paul T. Giesen! and Marieke M. van
Katwijk’
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visualisation




Tipping points

Conservation: don’t cross seagrass

no seadrass
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Tipping points
Conservation: don’t cross
Restoration: cross
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Restore: cross tipping point

Reduce environmental stress

sSeagrass

Encounter a window of E o
opportunity in space or time 5 Yo

no seadrass

ronmental stress

var mean




Restore: cross tipping point

Reintroduce seagrass
Reach critical threshold to | Soasress
initiate self-sustaining E Al

Processes :
!

B0 seagrass

Environmental stress




Restore: scale is important

Larger scale increases the
likelyhood to:

1.

Encounter a window of
opportunity in space or time
(spread risks)

. Reach critical threshold to

initiate self-sustaining
processes

sSeagrass

i

no seadrass

Envi/énmental stress

var mean

van Katwijk et al. 2009




Take home message 1 (2):

For restoration

Use large scale and take time, BUT:
« Causes of loss prior to restoration should be

(largely) recovered
« Chances should be maximized (e.g., additional
temporal or local stress reduction)

...because If a large scale restoration
fails, you lose more donor material,
finances and goodwill




Take home message 2 (2):

Non-linear dynamics:
if a complex
ecosystem collapses,
it may be very
difficult to restore it!

omplex ecosystem
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Conservation is more efficient
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Restore: scale is important

Recovery of feedback

i.e. planting density > density required to restore

self-sustaining feedbacks

\I/\I/ \IZ\I/
\I/\I/ \IZ\I/

Best chance of
recovery

\I/\I/ \IZ\I/
\IZ\I/ \IZ\I/

\\TAV/) . seagrass ¢
\WAV, i A

Vulnerable to
localized stochastic . 2
disturbance . 7 |

no seadrass

'

\I/ \I/

Vulnerable to
absence of positive
feedbacks

\I/ \I/

Envi/énmental stress

\/ var mean

Unlikely to succeed

Spread of risk

i.e. spatial extent of planting > spatial
extent of environmental variability







Density-related

expansion
(Z. marina)
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100 A A
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Vol. 448: 209-221, 2012 MARINE ECOLOGY PROGRESS SERIES
doi: 10.3354/meps09574 Mar Ecol Prog Ser

Contribution to the Theme Section ‘Eelgrass recovery’ OPEN
ACCESS

Recovery trajectories during state change irom
bare sediment to eelgrass dominance

Published February 23

Karen J. McGlathery"*, Laura K. Reynolds!, Luke W. Cole!, Robert J. Orth?,
Scott R. Marion?, Arthur Schwarzschild'

'Departmem of Environmental Sciences, University of Virginia, PO Box 400123, Charlottesville, Virginia 22903, USA

EVirginia Institute of Marine Science, School of Marine Science, 1208 Greate Road, College of William and Mary,
Gloucester Point, Virginia 23062, USA

Orth et al. 2012




Variation in feedback processes across
environmental gradients

A. nutrients

B. hydrodynamics
C. depth

BIOLOGICAL
S

o 16 o

The fundamental role of ecological feedback

mechanisms for the adaptive management of

seagrass ecosystems — a review




all nutrients

nutrient
nutrients

nutrients made s
available by trapping
organic matter

Low nutrient concentrations

Nutrient gradients
<4 grazing

- '

4 epiphyte light made
growth available

l“{” qjsomenutnents

excess high
nutrients nutrients

\_ g

more nutrients made
available by trapping
organic matter

Higher nutrient concentrations

When nutrient limited, seagrass meadows quickly sequester any nutrients from the
water column, lowering their availability to seagrass competitors. When the system is
eutrophied, more nutrients are available for algal growth. Excess algal growth is
controlled by algal grazers, which in turn have a positive effect on seagrass growth.

Maxwell et al. 2016 Biol Review




Hydrodynamic gradients (waves and currents)

g water seagrass slows water flow
/’ mﬁvtimeﬁt and traps particles

13 seagrass <~ organic - .
I “ deposition Swater ¥ enhancing

drag light
clams degrade more
sulphide & seagrass seagrass
o) i Bohysical Jooo o/ erosion
[ ] L

i

L I

| y
" . o : patterning
L sulphide u fignt stabilises
production penetration sediment

Low water flow Higher water flow

stress facilitated

Changes to the hydrodynamics of the meadow can affect sediment
toxicity and stability, which in turn affects seagrass persistence. + (Green)
symbols indicate an increase and — (red) symbols indicate a decrease in
levels.

Maxwell et al. 2016 Biol Review




Depth (light and desiccation) gradient

retention

/{}f moisture \ until
evaporation > retention

|

| ~h
yienst
seagrass traps /fﬂf‘ge E

particles

until light *eX% enhancing more seagrass
attenuation > enhanceme e
pens ™
@
(ane® g or
more seagrass

Subtidal Intertidal

The ability of seagrass meadows to trap particles and
iImprove light varies along the depth gradient.

Maxwell et al. 2016 Biol Review




shelter
for juveniles of
large predators

shelter for

mesopredators predation

J

shelter graze on

for mesograzers algae
more

seagrass

Interacting trophic cascades and non-
trophic interactions causing two
intertwined feedbacks.

In the first feedback, seagrass is facilitated by mesograzers
through grazing of macroalgae and/or epiphytes growing on
the seagrass leaves, while seagrass facilitates mesograzers
by providing shelter. A second positive feedback occurs when
large predatory fish indirectly facilitate seagrasses through
mesopredator control, while seagrass facilitates large
predatory fish by providing shelter (e.g. nursery habitat). In
the trophic cascade, smaller predatory fish are predated by
the larger fish, alleviating predation pressure on
mesograzers, indirectly facilitating seagrasses through
enhanced grazing on macroalgae and epiphytes.

Maxwell et al. 2016 Biol Review




Table 1. Feedback mechanisms known to occur in seagrass ecosystems (for further details see online Appendix S1). Green indicates self-amplifying feedbacks, whereby
increase in seagrass density generates conditions which promote further increase in density, untl carrying capacity is reached or poor environmental conditions overwhelm
the feedback. Red indicates self~dampening feedbacks, whereby increase in seagrass presence creates conditions adverse to seagrass, such that seagrass subsequently declines.

Yellow indicates feedbacks, which can be both self-amplifying and self-dampening.

Feedback name

Feedback description

Operates under following conditions and scale:

Chmate

Hydrodynamics

Nutrient state

Spatal scale

Sediment tra yping

Erosion-facilitated
spatial patterning

Reduced intertidal
desiccation

Ammonium uptake

Hydrodynarmme

disruption

Changing sediment
size

Sediment

oxygenation

Lucinidae presence

Scagrass traps water column sediment, improving water clarity,
seagrass growth, and seagrass depth range (e.g. de Boer, 2007;
Carr etal,, 2010, 2012a,h; Hansen & Reidenbach, 2012; Lawson
etal,, 2012).

Interacting positive and negative feedbacks of erosion/sediment
trapping acting at small and larger scales lead to self-organised
pattern (c.g. van der Heide etal., 20104)

High-density seagrass reduces desiccation in intertidal areas,
creating more favourable seagrass growth conditions higher in
intertidal zone (e.g. Fox, 1996; T'sai etal, 2010)

High-density seagrass takes up more ammonium, reducing
toxicity, favouring seagrass growth (e.g. McGlathery etal., 2007,
2012; van der Heide etal,, 20105; Cole & McGlathery, 2012)

High-density seagrass reduces near-bed water currents, reducing
physical stress on seagrass plants and stabilising sediments.
Small seagrass patches or meadow edges may increase
turbulence locally resulting in erosion and scouring (e.g.

Fonseca & Koehl, 2006; Bos & van Katwijk, 2007; Infantes et al.,

2009; van Katwijk et al., 2010)

High-density seagrass captures fine material, sediments become
muddier. In small low-density patches, sediments can become
more sandy (e.g. Bouma et al., 2009; van Katwijk etal., 2010;
McGlathery etal., 2012)

High-density seagrass, or multiple seagrass species in mixed
meadows, oxygenates sediments reducing sulphide
concentration, thus improving sediment conditions for seagrass
growth (e.g. Borum etal.,, 2005; Mascaro etal,, 2009; Brodersen
etal., 2014)

Mutualistic feedback in which lucinid bivalves alleviate negative
feedback by consuming toxic sulphide (see mechanmsm 6), while
seagrass provides lucinids with oxygen (van der Heide et al.,
2012d; de Fouw etal., 2016

All

Observed in
temperate
ecosystems

All, but drought
siress
increases with
temperature

All

All, but
increases with
temperature

(Sub-jtropical

(Semi-jexposed

Exposed

All

Sheltered

Exposed

(Sermi-Jexposed

Semi-exposed to
sheltered

Semi-exposed to
sheltered

All

Eutrophic

All

Mesotrophic to
eutrophic

Mesotrophic to
eutrophic

~]-=100m

~10->100m

<]1-=100m

<l—-=100m




Table 1.

continued

Maxwell et al. 2016 Biol Review

Feedback name

Feedback description

Operates under following conditions and scale:

Climate

Hydrodynamics

Nutrient state

Spatial scale

15

Carbonate dissolution

Genetic diversity

Mesograzer habital

Juvenile predator habitat

Megaherbivore-induced
nutrient tolerance

Sea urchins: grazing

High density of seagrass generates COg by enhancing
aerobic organic matter mineralisation, increasing
levels of calcium carbonates and phosphates, and
increasing P availability and thus increases seagrass
growth (Marba et al., 2006; Burdige, Zimmerman &
Hu, 2008; Long efal., 2008)

Meadows with high genetic diversity and connectivity
between regions show increased community-level
persistence against disturbance (e.g. Williams & Heck,
2001; Hughes & Stachowicz, 2004; Procaccini, Olsen
& Reusch, 2007; Reynolds, Waycott & McGlathery,
2013)

Seagrass shelters mesograzers from predation, increasing
epiphyte grazing, improving hight availability and
seagrass growth (e.g. Schanz & Asmus, 2003;

‘alentine & Duffy, 2006; Duffy etal., 2015)

Seagrass shelters juveniles of large predators which as
adults control smaller predator density, leading to
more mesograzers (c.g. Valentine & Dufly, 2006;
Eriksson etal, 2011)

High seagrass biomass attracts megagrazers (e.g. turtles,

dugongs) whose grazing activities alleviate the

negative effects of eutrophication by stimulating

seagrass production (e.g. Christianen etal., 2012)

Overgrazing of seagrass by sea urchins reduces seagrass
aboveground biomass which leads to mereased
predation pressure on sea urchins, through the loss of
shelter, leading to reduced urchins and recovery of
seagrass density (e.g. Heck & Valentine, 1995)

(Sub-jtropical

All

All

All

(Sub-jtropical

(Sub-jtropical

Semi-exposed to
sheltered

All

Semi-exposed to
sheltered

Semi-exposed to
sheltered

Semi-exposed to
sheltered

Oligotrophic

All

Mesotrophic to
eutrophic

Mesotrophic to
eutrophic

Mesotrophic to
cutrophic

~]—10mm

> km

~]—=>100m

~]1-=100m

~1-=100m|




Feedback Lucinidae clams
three-stage symbiosis

L ucinid bivalves

Sulfide/Oxygent :
btransport

Sulfida
gill b

axidizireg

Sulfate-reducing
bactars

Sulfate-reducing
bactarna

D Hidden workers. Tiny clams /lvmg in
the roots of seagrass help keep the
sediment a healthy environment.
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Sufide mining lubes Science 2012
| A Three-Stage Symbiosis Forms the
Foundation of Seagrass Ecosystems

Tjisse van der Heide,* Laura L. Govers, I|mm1_|I de Fouw, Han O, h'larthljs van der Geestf'
Marieke M. van K,atqu Theunis Piersma,™ * Johan van de I".l:-ppel. Brian R. Silliman,®
Alfons ). P. Smolders,” Jan A. van Gils®

Lucinid bivalve



shelter
for juveniles of i
large predators

shelter for
mesopredators

/i

shelter

for mesograzers
more
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Nutrients

Fig. 8. Conceptualized fipure of food web
interactions in coastal Fueus/Zostera food
webs. The thickness of the arrow is pro-

portional to interaction strength (LRR).
arrows indicate direct
effects, and hatched lighter amrows indicate
indirect effects. Dotted black arrows indi-

Cale missing esnmanes of the interaction

Darker solhd grey

strength. lext in ialcs describes the type
predation), and (+/—)
the sign of the effect on the receiving func-
tional group. Symbaols courtesy of the [nte-
gration and Applcation Network (LAN).
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Initial planting scales employed
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This may help to explain low
e success rates of seagrass
restoration



