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1  | INTRODUC TION

Globally, 85% of oyster reefs have been lost, mainly due to over-
harvesting, disease and poor water quality (Beck et al., 2011). Lost 
oyster reefs are often replaced with ecosystems that provide lower 
habitat values for fish (i.e., less food or poorer protection from 

predators), such as bare sediments (Grabowski et al., 2012). These 
changes can be associated with reductions in fish diversity, biomass 
and abundance and with declines in the landings of recreational and 
commercial fishes (Coen, Giotta, Luckenbach, & Breitburg, 1999; 
Peterson, Grabowski, & Powers, 2003). As a consequence, the resto-
ration of oyster reefs as fish habitats, and therefore to enhance fish 
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Abstract
Global declines in oyster reefs have resulted in reduced habitat heterogeneity, extent 
and quality for some coastal finfish, potentially reducing fish populations and catches. 
It is well established that habitat restoration results in higher finfish biomass and di-
versity where oyster reefs replace bare substrata. Therefore, restoring oyster reefs 
with a view to also improving fish stocks is often a key goal of oyster restoration. 
However, the principles of habitat quality, ecological connectivity and broader eco-
system management are poorly integrated within oyster reef restoration ecology, but 
such principles may be instructive in enhancing the benefits of projects on fish popu-
lations throughout estuarine seascapes. This manuscript presents a framework for 
projects seeking to restore both oyster reef habitat and finfish communities. 
Structurally and biologically complex oyster reefs, comprising both oysters and other 
invertebrates, are required to provide shelter, food and nursery services to fish. By 
carefully considering site selection at seascape scales (km to 10s of km), restoration 
can enhance the network of habitat available to fish and potentially increase the 
overall	carrying	capacity	of	the	estuary.	Managers	of	estuaries	that	now	include	re-
stored oyster reefs should implement fisheries management plans and consider the 
effects of management actions broadly throughout catchments; failing to do so may 
jeopardize	gains	in	fish	yields.	Management	decisions	must	be	adaptable,	responding	
to key criteria in thorough monitoring programs. Integrating these ecological and 
coastal management concepts into oyster reef restoration will enhance outcomes for 
fishes and increase stakeholder engagement and cost- effectiveness.
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and/or fisheries, is often, but not always, a key aim of oyster restora-
tion projects (Coen & Luckenbach, 2000; zu Ermgassen, Grabowski, 
Gair, & Powers, 2016).

Ecological restoration of oyster reefs for finfish and their fish-
eries is an important component of many coastal management 
and enhancement schemes (Baggett et al., 2015; Creighton, Boon, 
Brookes, & Sheaves, 2015; Humphries & La Peyre, 2015). Oyster 
reef restoration encompasses both categories of ecoengineering: 
Type A, the restoration of habitats thus allowing the desired spe-
cies to colonize or expand; and Type B, which involves the direct in-
crease in a species, such as through restocking or replanting (Elliott 
et al., 2016). Globally, 46 studies detail oyster restoration projects 
which seek to enhance finfish and/or their fisheries around reefs 
(as	identified	from	the	ISI	Web	of	Knowledge;	Figure	1,	Table	S1).	
Restoring oyster reefs can augment fish biomass by up to 260 g/m2

of restored reef per year (Peterson et al., 2003). These effects of 
restoration on fish populations result from enhanced larval set-
tlement and survival (Breitburg, Palmer, & Loher, 1995) and the 
immigration of adult fish to reefs, where they feed and take shelter 
(Gittman et al., 2016; Harwell, Posey, & Alphin, 2011). By enhanc-
ing fish biomass, restored oyster reefs can convey economic ben-
efits of up to US$4123 ha−1 year−1 for local commercial fisheries 
(Grabowski	et	al.,	2012).	While	restored	oyster	reefs	are	relatively	
common in North America (87% of studies have been conducted 
on	 the	Atlantic	or	Gulf	 coasts	of	 the	USA;	Figure	1),	 oyster	 reef	
restoration projects focusing on fish enhancement are only just 
gaining interest and momentum in Australia (Gillies et al., 2015), 
Europe	 (Farinas-	Franco	 &	 Roberts,	 2014)	 and	 Asia	 (Quan,	 Zhu,	
Ni,	Shi,	&	Chen,	2009).	While	enhancement	of	fish	populations	is	
just one of the multiple ecosystem services provided by restored 
oyster reefs and is not always the key driver of restoration (e.g., 
intertidal oyster reef restoration may be to stabilize shorelines 
and protect them against erosion; Grabowski et al., 2012), win\
win scenarios (for the ecology and the economy) may be created 
if, irrespective of the key goal, reefs are also designed to enhance 
fish. By expanding the goals of oyster reef restoration to include 
fish and fisheries, we might, therefore, also enhance the economic, 
social and cultural values associated with restoration efforts and 
maximize stakeholder engagement, both locally and globally (La 
Peyre, Nix, Laborde, & Piazza, 2012).

While	it	 is	well	established	that	restoring	oyster	reefs	can	aug-
ment fish biomass and enhance finfish fisheries, the published 
literature on oyster reef restoration poorly integrates several im-
portant ecological concepts that shape fish populations in coastal 
waters.	 For	 example,	 it	 is	widely	 accepted	 that	 the	 extent	 of	 key	
coastal nursery habitats, such as seagrass, marshes and mangroves 
(Nagelkerken, Sheaves, Baker, & Connolly, 2015), and the degree 
to which these habitats are connected (Olds et al., 2016; Pittman, 
Kneib, & Simenstad, 2011) are significant determinants of fish as-
semblages in coastal seascapes. Therefore, future oyster reef res-
toration projects can build on the first generation of oyster reef 
projects, which have demonstrated that reefs augment the produc-
tivity of a number of finfish species, by adopting a landscape- scale 

approach that accounts for how reefs interact with other structured 
habitats (Bostrom, Pittman, Simenstad, & Kneib, 2011). Advances in 
our understanding of how managing catchment water supply, sed-
iment and nutrient run- off affects coastal ecosystems (Gorman, 
Russell, & Connell, 2009; Klein et al., 2012) and more effective fish-
eries restrictions (Gilby, Olds, Yabsley et al., 2017) can also improve 
the ecological condition of coastal habitats and modify the compo-
sition of fish assemblages. An increasing literature on ecohydrology 
with ecoengineering principles is providing case studies of success 
and failure (Elliott et al., 2016). However, the extent to which these 
interventions affect the outcomes of oyster reef restoration projects 
for fish is unclear. The capacity of oyster restoration projects to pro-
mote fish biomass and enhance fisheries can, therefore, be improved 
by better incorporating modern concepts in fish ecology and fisher-
ies management into the design of reef projects.

In this study, we analyse the relevant literature to better inte-
grate the fields of fish habitat research, seascape ecology and coastal 
management	 into	oyster	reef	restoration	projects.	First,	we	outline	
three important prerequisites that must be established for oyster 
reef restoration projects that seek to enhance fish populations and 
fisheries	(Figure	2).	We	then	introduce	four	key	concepts	(Figure	3)	
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that will improve restoration outcomes for fish and fisheries: (a) view 
oyster reefs as fish habitats; (b) recognize that oyster reefs are part 
of a wider seascape that includes other fish habitats; (c) consider the 
impact of other management interventions (e.g., fishing restrictions 
and catchment run- off reductions); and (d) monitor the effects of 
restoration for both oysters and fish across the entire seascape and 
implement changes to restoration plans where necessary. The over-
arching intent is to fine- tune the design, placement and manage-
ment of restored oyster reefs to minimize their economic costs and 
maximize their ecological benefits for both oyster reefs and finfish 
fisheries.

2  | PREREQUISITES FOR RESTORING 
OYSTER REEFS FOR FINFISH AND THEIR 
FISHERIES

Adding oyster reefs to systems where they did not occur histori-
cally (i.e., at an ecosystem or embayment- wide scale) can be viewed 
as the artificial modification of coastal seascapes. The absence of 
oyster reefs from areas where they are to be restored might be be-
cause the area has either unsuitable substratum or water quality 
(including turbidity and salinity) or there not being any spat supply. 
In the case of a degraded system, for example, where historical 
populations are now absent, failing to remedy the human activi-
ties that led to the degradation, or loss, of oyster reefs or pre-
vent their recovery (e.g., overharvesting and poor water quality) 
will severely limit the success of any restoration project. In some 

instances, oyster reefs may have been replaced by other structur-
ally complex ecosystems (e.g., seagrass, kelps or mangroves) that 
also provide important habitat for fish; restoring oyster reefs in 
these locations might not result in overall net improvements in fish 
or fisheries (Grabowski, Hughes, Kimbro, & Dolan, 2005). Thus, 
there	are	three	important	considerations	(Figure	2)	for	oyster	reef	
restoration projects that seek to enhance fish and fisheries:

1. Evidence for the historical occurrence of oyster reefs in the 
target region;

2. Causes of oyster reef decline must be reversed, and modern-day 
conditions are suitable for oyster growth; and

3. New nonreef habitats support fewer fish than oyster reefs.

3  | KE Y CONCEPTS TO IMPROVE 
RESTOR ATION OUTCOMES FOR FISH AND 
FISHERIES

3.1 | View oyster reefs as fish habitats

The environmental conditions under which oyster reef restoration 
is most successful are well documented (e.g., Baggett et al., 2015). 
Many	of	the	conditions	that	affect	the	outcomes	of	oyster	produc-
tion also influence fish abundance and diversity, thereby function-
ally linking oyster reef habitats with fish via water quality and other 
attributes	of	the	environment.	We	will,	therefore,	examine	how	the	
factors that control establishment of restored oyster reefs might 
also affect the fish assemblages that colonize these reefs.

F IGURE  1 Global distributions of (a) 
studies assessing the effects of oyster 
reef restoration for fish (as identified 
from	ISI	Web	of	Knowledge	search	for	
[oyster* and fish and restor*]) and (b) the 
global distribution of key habitats with 
which oyster reefs have a functional 
linkage. Information on the extent and 
geographic distribution of ecosystem 
types sourced from the United Nations 
Environment	Programme	World	
Conservation	Monitoring	Centre	(UNEP-	
WCMC)	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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3.1.1 | Environmental variables

Both oysters and individual fish species each have optimal, and 
often different, physicochemical envelopes in which they prefer to 
live	 (e.g.,	Solan	&	Whiteley,	2016).	For	example,	oyster	restoration	
sites must be located within the physiological tolerances of the main 
reef- building oyster and/or mussel species, with respect to tempera-
ture, salinity, dissolved oxygen and turbidity (Baggett et al., 2015). 
Catchment run- off, tides, waves and currents modify these environ-
mental variables over a variety of temporal scales (Rodriguez et al., 
2014), thereby emphasizing the need for a good understanding of 
ecohydrology	principles	(Wolanski	&	Elliott,	2015).	Therefore,	con-
sideration of the range and threshold (tolerances) values of these 
abiotic factors is more important than their mean values in determin-
ing the placement of oyster reefs. In addition, for a self- sustaining 
bed, the site has to be within a suitable hydrographic regime to get 
the spat delivered to the area, that is, hydrographic concentration. 
Selecting sites that match the optimal environmental tolerance en-
velopes for both oysters and fish should therefore be considered a 
key goal when seeking to restore fish assemblages around restored 
oyster reefs.

Most	 estuarine	 fish	 species	 have	 evolved	 to	 cope	 with	
variation in the physicochemical properties of coastal waters 
(Elliott	&	Quintino,	 2007),	 but	 are	 nevertheless	 also	 suscepti-
ble	 to	 extreme	water	 temperatures	 (Marshall	 &	 Elliott,	 1998),	
salinity	levels	(Bachman	&	Rand,	2008;	Marshall	&	Elliott,	1998)	

and low dissolved oxygen concentrations (Stevens, Blewett, 
& Casey, 2006) that are beyond their physiological limits. To 
minimize effects of variable and especially poor water quality 
on both oysters and fish, oyster reef restoration projects can 
target locations that provide highly oxygenated waters with 
good	water	 flow	(Lenihan,	Micheli,	Shelton,	&	Peterson,	1999;	
Lenihan et al., 2001). The appropriate water quality has to be 
at the reef site, as well as the site of the source oyster or fish 
populations.

High sedimentation, especially from fine silts and clays, detri-
mentally affects oyster spat settlement and lowers the body con-
dition, reproductive output and growth of oysters (Kimbro, Byers, 
Grabowski, Hughes, & Piehler, 2014; Lenihan, 1999; Tamburri, 
Luckenbach, Breitburg, & Bonniwel, 2008). High turbidity levels 
can also be harmful to some estuarine fish species (Benfield & 
Minello,	 1996),	 particularly	 visually	 orienting	 predators	 (Lunt	&	
Smee,	2015).	While	oyster	reefs	can	help	to	reduce	turbidity	at	
local scales, this effect may take several years to develop and 
relies on the persistence of adult oysters (La Peyre, Humphries, 
Casas, & La Peyre, 2014; Newell & Koch, 2004). Positioning oys-
ter reefs at sites within estuaries that regularly experience very 
high turbidity may, therefore, limit both the growth of oyster 
reefs	and	the	rate	at	which	they	are	colonized	by	fish.	Many	estu-
aries, especially macrotidal ones, have strong erosion–deposition 
cycles which need incorporating into the assessment of risk to 
the beds.

F IGURE  2 There are three important 
prerequisites for oyster reef restoration 
projects that seek to enhance finfish 
and their fisheries: (a) evidence for the 
historical occurrence of oyster reefs 
in the target region; (b) whether the 
detrimental effects of human activities 
that caused the loss of oyster reefs have 
been controlled, and modern conditions 
are suitable for reef restoration; and (c) if 
lost reefs were replaced by habitats (e.g., 
bare sediments) that support significantly 
fewer fish than oyster reefs. Images 
courtesy	US	Fish	and	Wildlife	Service,	
Kaensu	(Flickr)	(CC	BY	2.0)	and	D.	Schwen	
(CC BY 3.0) [Colour figure can be viewed 
at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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3.1.2 | Reef properties

A prime function of restored oyster reefs is often to create or  
enhance fish habitat. The biological and structural properties of  
restored oyster reefs are often important factors in determining the 
quality of reef habitat to fish, including providing food and shelter 
from predation (i.e., reef size, vertical relief, water cover and struc-
tural complexity). The reef could produce the appropriate habitat 
even if the oysters were no longer alive.

Oyster reefs are actively restored either by replacing hard sub-
strata that have been lost, thereby allowing new oyster spat to settle 
and grow (e.g., Type A ecoengineering) and/or by reintroducing liv-
ing	oysters	(Baggett	et	al.,	2015;	La	Peyre,	Furlong,	Brown,	Piazza,	&	
Brown, 2014), (e.g., Type B ecoengineering; Elliott et al., 2016). Both 
methods require successful larval settlement, which can result from 
mature oysters on restored reefs or as oyster spat brought from 
other locations (Lipcius et al., 2008). Reef- associated fishes often 
feed directly on oyster spat, adult oysters and other invertebrates 
(e.g., polychaetes, amphipods, sponges and mussels) that grow on 
oyster reefs or use reefs as habitats (Johnson & Smee, 2014; Lehnert 
& Allen, 2002). Therefore, productive reefs composed of healthy 
oysters, and other invertebrates, are likely to be more beneficial for 
fish (Peterson et al., 2003).

Subtidal reefs that extend high above the seabed and out of 
potential low oxygen concentration boundary layers, result in im-
proved oyster settlement, growth and survival on the reef crests 
(Lenihan et al., 1999). Taller reefs might also be more resilient to the 
potential impacts of sedimentation, sea- level rise, parasites and dis-
eases (Lenihan et al., 1999; Rodriguez et al., 2014). However, as with 
marine mussels, the increase in individual bivalve size can make the 
organisms protrude above the bed boundary layer and make them 
susceptible to begin pulled off the bed by the stronger currents. 
Oyster reefs with greater vertical relief provide more calm water in 

their lee (i.e., current shadow), which is favoured by some fish spe-
cies (Breitburg et al., 1995; Lenihan, 1999), and can be positively re-
lated to fish biomass (Gratwicke & Speight, 2005b).

Placing reefs in intertidal locations results in their drying at low 
tide, thus restricting the time for fish to use the area. Because fish 
need water, the habitat value of intertidal reefs for fish may be lower 
than	that	of	subtidal	reefs	(e.g.,	Lehnert	&	Allen,	2002).	While	these	
intertidal reefs, like many other intertidal habitats (e.g., mangroves 
and intertidal flats), might provide rich feeding opportunities during 
high tide, the structure of the fish assemblage that utilizes them 
often depends on the composition of the surrounding seascape that 
fish	 use	 during	 low	 tide	 (Olds,	 Connolly,	 Pitt,	 &	Maxwell,	 2012a;	
Pittman,	McAlpine,	&	Pittman,	2004).	This	indicates	the	importance	
of the knowledge of the biological and hydrographic connectivity 
between areas and hence feeding, breeding or refugia migrations. 
The dispersal rates of larvae (of oysters) and postlarvae (of fishes) 
combined with tidal discursion distances will dictate the delivery of 
spat and recruits to the restored areas. This concept is similar to the 
effects of tides on the habitat functions of mangroves; mangrove for-
ests that fall dry at low tide are often poorer fish habitats that those 
that are submerged permanently (e.g., Baker, Sheaves, & Johnston, 
2015).	Where	projects	necessitate	intertidal	reefs	(e.g.,	due	to	oyster	
species biology, disease considerations or to ensure safe navigation 
by boats), it may be important that they are positioned closer to sub-
tidal habitats nearby where fishes can seek refuge during low tides, 
such	as	on	seagrass	or	other	reefs	(Olds,	Connolly,	Pitt,	&	Maxwell,	
2012b; Peterson et al., 2003).

In terms of reef and project extent, a restoration project seek-
ing to enhance seascape heterogeneity for fish can aim to restore 
the greatest extent of oyster reefs possible within financial and time 
limitations, up to any established historical extents of oysters in the 
target estuary. The size of a restoration site has two complemen-
tary facets: (a) the area of seabed covered by living and nonliving 

F IGURE  3 Key concepts to improve restoration outcomes for fish and fisheries. (a) Oyster reefs must be healthy and complex biogenic 
habitats that are positioned within the physicochemical niche of both oysters and fish. (b) Oyster reef restoration projects should be 
positioned to improve connectivity (between reefs and among reefs and other habitats), promote fish recruitment and enhance the nursery 
function of coastal seascapes for fish. (c) Other impacting processes (e.g., fishing, sedimentation and eutrophication) must be managed to 
limit	their	effects	on	the	performance	of	restored	oyster	reefs.	(d)	Management	decisions	must	be	adaptable,	responding	to	key	criteria	from	
thorough monitoring programs that are specifically designed to ascertain the health and development of the reefs and detect the effects of 
oyster reefs for fish both on reefs and in the surrounding seascape [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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oyster shells and (b) the total aerial dimensions of the project foot-
print, including any nonreef areas between oyster reefs (Baggett 
et al., 2015). Habitat complexity and extent will dictate the ability 
of the restored area to gain or regain it functioning; for example, 
Wootton	(1992)	emphasized	that	fish	diversity	increased	with	habi-
tat heterogeneity, then size and then productivity. Habitats that are 
structurally complex (e.g., reefs, mangroves and seagrass) typically 
harbour higher fish biomass and diversity than habitats that are sim-
pler (e.g., sand and mud flats; Grabowski et al., 2005; Gratwicke & 
Speight, 2005a; Sherman, Gillian, & Spieler, 2002). The architectural 
complexity of oyster reefs can be measured in the form of rugosity 
(roughness; scale: cm to tens of m) and in the form of new spatial 
heterogeneity that the reefs add to coastal seascapes (scale: m to 
km). At the scale of individual oyster reefs, the provision of holes and 
crevices of variable sizes that can be inhabited by a range of fishes 
and used as refuges, feeding grounds and spawning sites, which will 
help to promote fish diversity and biomass (Gratwicke & Speight, 
2005a). At the scale of oyster restoration projects, reefs that are 
designed to provide a diversity of habitat structures (i.e., with high 
rugosity and vertical relief) across the site are likely to contain 
more	and	a	higher	diversity	of	fish	(Bozec,	Alvarez-	Filip,	&	Mumby,	
2015) because they provide more feeding opportunities and better 
sanctuaries from predators, especially for juvenile fish (Peterson 
et al., 2003). These concepts are widely accepted for artificial reefs 
(Sherman	et	al.,	 2002;	Wilson	&	Elliott,	 2009),	 but	 require	 further	
investigation for oyster reefs (Table 1).

3.2 | Recognize that oyster reefs are part of a wider 
seascape that includes other fish habitats

The successful restoration requires a good knowledge of ecological 
principles.	Firstly	that	the	physicochemical	environment	will	set	up	
the fundamental substratum or water column niches which then get 

occupied by organisms to give community structure (the so- called 
environment–biology	relationships;	Gray	&	Elliott,	2009).	Following	
this, biology–biology relationships create the ecological functioning 
from the structure, and then the biota starts modifying the environ-
ment (biology–environment relationships) especially in the case of 
ecosystem engineers such as reef- forming species.

Seascape ecology transfers ecological principles and concepts 
from landscape ecology to marine systems (Pittman et al., 2011). At 
the core of seascape, ecology is the recognition that the ecologi-
cal functions of ecosystems are contingent on the type, condition 
and spatial arrangement of other ecosystem structures across entire 
seascapes (Bostrom et al., 2011; Gustafson, 1998). The movement 
of matter and organisms across seascapes functionally links eco-
systems, and this ecological connectivity shapes species distribu-
tions, food web structure and ecosystem function (Olds et al., 2016; 
Pittman et al., 2011). The recovery of fish assemblages on restored 
oyster reefs relies on colonization from elsewhere in the seascape; 
therefore, seascape positioning is a vital consideration when restor-
ing oyster reefs for fish.

3.2.1 | Connectivity with other habitats

In coastal seascapes, many fish move daily, or tidally, between 
marshes, mangroves, seagrasses and natural reefs at scales of me-
tres to hundreds of metres (Bostrom et al., 2011; Grober- Dunsmore, 
Pittman,	Caldow,	Kendall,	&	Frazer,	2009;	Olds	et	al.,	2018;	Potter,	
Tweedley,	 Elliott,	 &	Whitfield,	 2015).	 Ecosystems	 that	 are	 better	
connected (i.e., closer together or linked by currents), therefore, 
usually harbour more fish than those that are isolated (Nagelkerken 
et	al.,	2015;	Olds	et	al.,	2018;	Figure	4).	The	level	of	connectivity	be-
tween oyster reefs and other ecosystems is, therefore, an important 
consideration in the design of oyster restoration projects; particu-
larly for intertidal reefs that dry on ebb tides and force fish to move 

TABLE  1 List of research questions for fish and fisheries associated with restored oyster reefs

Research field Priority research questions

A. Oyster reefs as fish habitats 1. Food for fish: Under what scenarios are oysters, and the larvae of other sessile invertebrate (e.g., ascidian, 
polychaete, sponge), most likely to settle, grow, and provide high- quality food for fish? (e.g., Grabowski 
et al., 2005)

2. Protection from predators:	What	attributes	of	oyster	reefs	(i.e.,	area,	height,	architecture)	provide	fish	with	
the best protection from predators? (e.g., Sherman et al., 2002)

B. Oyster reefs as part of wider 
seascapes

3. Connectivity: How does the seascape context of oyster reefs affect ecological processes (predation, 
nutrient turn-  over), fish larval settlement, and habitat value for adult and juvenile fishes (e.g., Bostrom 
et al., 2011; Grabowski et al., 2005), are these patterns consistent across different types of seascapes, and 
which oyster reef designs maximise these metrics?

4. Fish movement: To which alternate habitats should oyster reefs be connected to maximise reef value to 
fishes, and over what scales do these connectivity effects occur? (e.g., Nagelkerken et al., 2015)

C.	Fisheries	and	catchment	
management

5. People and oyster reefs:	What	are	the	effects	of	fishers	and	fishing	on	the	restoration	of	fish	biomass?	 
(e.g., Powers, Peterson, Grabowski, & Lenihan, 2009) 
What	are	the	social	and	cultural	values	of	restored	oyster	reefs,	and	how	can	these	be	maximised?	 
(e.g.,	Kingsley-	Smith	et	al.,	2015;	Venturelli,	Hyder,	&	Skov,	2017)

D.	Monitoring	and	adaptability 6. Indicator species and processes:	What	are	the	best	ecological	indicators	of	restoration	success	for	finfish,	
and which suite of indicators are most appropriate for monitoring effects on ecosystem condition and 
function?	(e.g.,	Valesini	et	al.,	2017)
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into subtidal habitats (Grabowski et al., 2005; Peterson et al., 2003). 
Despite this, connectivity is particularly difficult to quantify. The UK 
Marine	Conservation	Zone	concept	aimed	for	a	coherent	and	con-
nected set of sites and defined sites to be connected as dictated by 
larval time in the water column (Roberts et al., 2010). However, such 
a connectivity rule of thumb then depends on the tidal excursion, 
tidal oscillations and the presence of oceanic fronts which can be a 
barrier to movement (Green et al., 2014; Olds et al., 2018).

As restoration projects are increasingly being conducted in 
highly modified seascapes, the degree to which built infrastruc-
ture may serve as a barrier to fish movements (Bishop et al., 2017), 
thereby reducing the benefits of restoration projects for finfish, may 
also be a significant consideration. Connections with marshes, sea-
grasses and mangroves are likely to be the most important for oyster 
reefs	 (Figure	1),	 depending	on	 the	 seascape	 in	which	 they	 are	 im-
bedded (Bostrom et al., 2011; Gain et al., 2017) and on the local fish 
community requirements for feeding, spawning and refugia migra-
tions. Globally, studies on habitat connectivity with oyster reefs are 
entirely	 restricted	 to	 marsh-	dominated	 seascapes	 (Figure	1),	 with	
no studies conducted in subtropical seascapes, especially around 
mangroves, despite the current or historical presence of oyster reefs 
in	many	of	these	areas.	While	seagrasses	occur	 in	both	marsh	and	
mangrove- dominated seascapes, few studies have explicitly as-
sessed the effects of seagrass connectivity for fish on oyster reefs 
(Table S1). Determining the importance of these connections with 
alternate habitats, and the distances over they function in different 
seascape compositions (e.g., mangrove-  vs. marsh- dominated sea-
scapes), should therefore be a priority for research (research priori-
ties 3 and 4, Table 1).

While	 it	can	be	generalized	broadly	across	coastal	ecosystems,	
that higher connectivity with alternate habitats is positive for fish 
assemblages (Olds et al., 2018), there are some contrasting results 
within	the	oyster	reef	literature.	For	example,	studies	on	oyster	reefs	
in North Carolina, USA, concluded that restored reefs directly ad-
jacent (<10 m) to existing vegetated habitats did not augment fish 
abundance to the same degree as more isolated reefs (e.g., on mud 
flats; Geraldi, Powers, Heck, & Cebrian, 2009; Grabowski et al., 
2005). On the contrary, a recent study in Texas, USA, indicated that 
reefs near to seagrass had higher abundance of macrofauna than 
more poorly connected reefs (Gain et al., 2017). The consistency of 
these effects within mangrove-  or seagrass- dominated seascapes 
therefore remains unclear. Thus, further studies which seek to 
determine the optimal distance for the isolation are an important 
requirement for optimizing future restoration projects (research pri-
orities 3 and 4, Table 1).

The scale of patch connectivity effects between habitats 
is usually between 100 and 1,000 m in most coastal seascapes 
(Bostrom et al., 2011) and is dictated by the following: (a) fish 
mobility; (b) the type of migration being undertaken (e.g., feeding 
and reproductive); (c) the composition of seascapes; and (d) hy-
drology	(Edwards,	Elliott,	Pressey,	&	Mumby,	2009;	Nagelkerken,	
2009;	 Olds	 et	al.,	 2012b).	 For	 example,	 fish	 move	 smaller	 dis-
tances among habitats to feed than they do during ontogenetic 

migrations.	Feeding	migrations	 into	seagrass	meadows	are	often	
shorter than similar forays into habitats with more vertical relief 
(e.g., mangroves and reefs), and tidal migrations among habitats 
are shorter in microtidal systems than in areas that experience 
larger tidal ranges whose tidal excursion can be used as a trans-
port mechanism (Grober- Dunsmore et al., 2009; Olds et al., 2018). 
System- specific information on the location and condition of other 
fish habitats, and the scale over which fish movements link eco-
systems in focal seascapes is therefore vital (Gilby et al., 2018; 
Nagelkerken et al., 2015; Table 1).

3.2.2 | Connectivity with other oyster reefs

Habitats that are close to other patches of the same type of habi-
tat often support higher fish diversity, abundance and biomass than 
isolated	 patches	 (Gustafson	 &	 Gardner,	 1996;	 Soons,	 Messelink,	
Jongejans, & Heil, 2005). Effects of this type of habitat connectivity 
have been reported widely in seagrass, marsh and coral reef ecosys-
tems, but are rarely tested for oyster reefs (Bostrom et al., 2011). 
Where	they	have	been	tested,	connectivity	has	shown	highly	vari-
able effects (Grabowski et al., 2005; Gregalis, Johnson, & Powers, 
2009).	While	the	“optimal”	distance	that	maximizes	fish	movement	
between oyster reefs is unknown (Table 1), distances are likely to 
be system- specific and scale on the dispersal capacity of species 
within	individual	systems.	From	published	literature	on	both	oysters	
and fish, we can surmise that restored oyster reefs should be suffi-
ciently to existing reefs to ensure that they receive a good supply of 
both oyster larvae and fish (Gregalis, Powers, & Heck, 2008; Steppe, 
Fredriksson,	 Wallendorf,	 Nikolov,	 &	 Mayer,	 2016),	 but	 also	 suffi-
ciently far apart to provide additional reef nodes in the network of 
oyster reefs that are linked by fish movement (Gustafson & Gardner, 
1996;	Soons	et	al.,	2005;	Figure	4).

The spatial separation of restored oyster reefs should be in-
formed by the migration patterns of fish species that are targets for 
restoration.	Fish	should	be	able	to	move	easily	among	oyster	reefs	to	
access multiple restored reefs in the focal seascape. Previous studies 
have suggested that multiple smaller reefs might provide similar hab-
itat values for fish as single larger reefs (Harwell et al., 2011). Thus, 
several smaller restored reefs that are well connected to each other 
(within the 100 to 1,000 m range) across a seascape, therefore, are 
more likely to effective at enhancing fish populations across entire 
estuaries	(Table	1;	Figure	4).	The	hydrology	of	estuaries	and	coastal	
waters also shapes the composition of fish assemblages by regulat-
ing	the	likelihood	of	juvenile	settlement	(Hannan	&	Williams,	1998)	
and the probability of visitation by adults (Connolly & Hindell, 2006; 
Henderson	et	al.,	2017).	Fish	employ	tidal	excursion	currents	to	tra-
verse large distances between inshore habitats (e.g., feeding areas 
and juvenile nursery habitats) and offshore habitats (e.g., spawning 
areas and adult habitats) and use other structurally complex ecosys-
tems as stepping stones (i.e., feeding and resting areas) during these 
migrations	(Engelhard	et	al.,	2017;	Nagelkerken	et	al.,	2015;	Figure	4).	
By selectively restoring oyster reefs in locations to add both spa-
tial and structural heterogeneity to coastal seascapes, restoration 
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projects might also provide additional habitats for fish to use as step-
ping	stones	during	these	ontogenetic	migrations	(Mullaney,	1991;	zu	
Ermgassen	et	al.,	2016;	Figure	4).	Hence,	this	also	ensures	connec-
tivity which is the central mechanism for creating coherence among 
restored and protected environments (D’Agostini, Gherardi, & Pezzi, 
2015; Planes, Jones, & Thorrold, 2009).

3.2.3 | Enhancing fish recruitment and 
nursery value

Oyster	reefs	are	important	sites	for	fish	spawning	(Tolley	&	Volety,	
2005), attract fish larvae (Breitburg et al., 1995) and function as 
nursery areas for many fish species (Coen, Luckenbach, & Breitburg, 
1998;	Peterson	et	al.,	2003;	zu	Ermgassen	et	al.,	2016;	Figure	4).	The	
extent to which oyster reefs function as nursery habitats for juvenile 
fishes is determined by three interrelated factors: (a) the likelihood 
that fish larvae settle on reefs; (b) the abundance, growth and sur-
vival, of juveniles; and (c) the level of success that juvenile fish have 
in migrating from oyster reefs to their adult habitats (sensu Beck 
et al., 2001).

Fish	larvae	often	enter	estuaries	through	passages	to	the	open	
sea (e.g., estuary mouths, coastal bays and surf bars; Blaber, 2008), 
and some estuarine fishes spawn over surf bars in these passages 
in	many	 regions	 of	 the	world	 (Olds	 et	al.,	 2017;	 Sheaves,	Molony,	
& Tobin, 1999). Placing oyster reefs near the mouths of estuaries 
might, therefore, enhance the likelihood of reefs being used as 
spawning sites and also promote the likelihood of larval settlement 
(Pichler, Gray, Broadhurst, Spach, & Nagelkerken, 2017). Larval re-
cruitment might also be enhanced by creating more complex and 
taller oyster reefs, which create eddies in which larvae accumulate 
(Breitburg et al., 1995). However, the placement of reefs nearer to 
estuary mouths might increase their vulnerability to being covered 
by moving sediments and oyster disease in some parts of the world 
(associated with higher salinity; Lenihan et al., 1999). Despite this, 
reef beds at the mouths of estuaries may not be self- sustaining if the 
larvae get transported away and there are no seeding populations 
within	the	interconnected	hydrographic	systems	(Wolanski	&	Elliott,	
2015).

The growth and survival of juvenile fish depend on the availabil-
ity of quality food and protection from predation (Blaber, 2008). This 
in turn relies on the presence and creation or loss of habitats, which 
again are influenced by habitat change through restoration or an-
thropogenic	pressures	 (Amorim,	Ramos,	Elliott,	Franco,	&	Bordalo,	
2017). As many coastal fish require multiple habitats throughout 
their lives, especially during early ontogenetic movements, it is the 
quality of both individual habitats and the surrounding seascape 
that enhances nursery value for larval and postsettlement fishes 
(Nagelkerken et al., 2015). Once fish have recruited to oyster reefs, 
or into the surrounding seascape, the area’s value as a nursery is 
determined by food availability, predation pressure, competitive in-
teractions for food and space with cohabitants and the availability 
of alternative foraging and refuge habitats in the seascape (Gittman 
et	al.,	2016;	Pittman,	Caldow,	Hile,	&	Monaco,	2007).	Oyster	reefs	

that are restored in appropriate locations can modify each of these 
features by providing feeding and sheltering opportunities, which 
serve to reduce competition and predator- induced mortality for fish 
on reefs and in adjacent habitats, and might therefore enhance the 
nursery	function	of	coastal	seascapes	(Figure	4).

3.3 | Consider the impact of fisheries and 
catchment management

Anthropogenic stressors such as run- off from altered catchments 
(Gilby,	 Maxwell,	 Tibbetts,	 &	 Stevens,	 2015;	 Lerberg,	 Holland,	 &	
Sanger, 2000) and overharvesting both in the catchment and at sea 
(Pauly,	Watson,	&	Alder,	2005;	Pauly	et	al.,	2003)	have	substantial	
consequences for marine ecosystem condition and resilience. In 
the context of managing fish stocks associated with restored oyster 
reefs, managers need to consider:

1. How to manage fish stocks using catch restrictions, including 
the designation or expansion of no-take reserves; and

2. How to manage other potential impacts from the catchment, and 
wider seascapes, in which reefs are located.

This level of management therefore has to respond to a whole suite 
of pressures, both exogenic unmanaged and endogenic ones (Elliott, 
2011). The exogenic pressures, which emanate from outside the man-
agement area and in which management sometimes only be able to re-
spond to the consequences and not the causes, include climate change 
effects, run- off and the loss of breeding fish populations away from 
the site. These can be both out at sea and also elsewhere in the catch-
ment (Elliott et al., 2017). The endogenic managed pressures include 
those impacts in an area such as habitat loss and polluting discharges.

3.3.1 | Fisheries management

The effective management of fisheries in coastal ecosystems relies 
on maintaining a high biomass of large, mature breeding fish. The 
most common management intervention is catch restrictions in the 
form of either reserve (Edgar et al., 2014) or by implementing size 
and bag limits (Bartholomew & Bohnsack, 2005). Notwithstanding 
some uncertainty regarding the survival rates of released individuals, 
and the critical effects of the degree of enforcement (Guidetti et al., 
2008), and fishing effort displaced by reserve declaration (Halpern, 
Gaines,	&	Warner,	2004;	Lédée,	Sutton,	Tobin,	&	De	Freitas,	2012),	
the consensus is that catch restrictions (i.e., limits on the numbers 
by size class of fish caught by anglers) have positive effects on the 
abundance of harvested species in the great majority of cases (Edgar 
et al., 2014; Tetzlaff, Pine, Allen, & Ahrens, 2013).

Strategically placed reserves, which are wholly no- take, well de-
signed and well policed, increase the abundance and biomass of har-
vested species (Edgar et al., 2014), restore trophic relationships and 
food webs, resulting in habitat improvements (Gilby & Stevens, 2014), 
and in some cases, enhance surrounding fisheries (Halpern, Lester, & 
Kellner,	2009).	Where	they	are	designed	to	form	a	coherent	network,	
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as is required by an increasing amount of legislation globally (e.g., the 
UK	Marine	and	Coastal	Access	Act),	then	all	the	sites	have	to	be	con-
sidered as a functional unit. Reserve effectiveness is enhanced by 
protecting multiple fish habitats and the spatial connections, and cor-
ridors, between these habitats (Olds et al., 2016). Thus, we suggest 
that it would be prudent to establish restored oyster reefs in no- take 
marine reserves, and any important connection corridors with adja-
cent	habitats	(Olds	et	al.,	2012a).	We	suggest	that	oyster	reefs	that	are	
restored in optimal positions in heterogeneous seascapes (Bostrom 
et	al.,	2011;	Micheli	&	Peterson,	1999)	and	also	protected	in	no-	take	
marine reserves, would likely function better for both oysters and fish, 
than restored reefs that are open to fishing (Olds et al., 2016). On the 

contrary, reefs open to nonsustainable oyster harvesting will likely be 
quickly degraded (Kirby, 2004; Rothschild, Ault, Goulletquer, & Heral, 
1994), thereby likely also reducing any value for associated fish com-
munities. However, the degree to which fish biomass on restored oys-
ter reefs is augmented by placement within marine reserves has not 
been tested (Nevins, Pollack, & Stunz, 2014; Table 1).

3.3.2 | Catchment management

Human pressures on estuarine and coastal ecosystems are diverse 
(e.g., pollution, fishing and habitat destruction) and occur through-
out the adjacent catchment and marine areas (Elliott, Cutts, & Trono, 

F IGURE  4 Oyster reefs are one type of fish habitat in coastal seascapes and are functionally linked to other habitats by fish movement. 
(a)	Most	fish	move	among	multiple	habitats	during	their	lives	(dark	grey	arrows).	These	movements	link	adult	and	juvenile	habitats,	feeding	
and spawning habitats, and ecosystems that are used as stepping stones during migrations and are enhanced when habitats are closer 
together	(i.e.,	higher	connectivity).	Many	species	spawn	over	offshore	coral	or	rocky	reefs,	and	their	larvae	are	washed	into	estuarine	
nursery	habitats	(black	arrows).	(b)	Fish	use	oyster	reefs	and	other	complex	habitats,	in	coastal	seascapes	as	stepping	stones	during	
migrations among estuarine habitats, or from estuarine to offshore habitats (dark grey arrows). By restoring oyster reefs at key locations 
in estuaries, we might enhance the numbers, and quality, of stepping stone habitats and therefore improve the habitat values, productivity 
and carrying capacity of coastal seascapes for fish and fisheries (light grey arrows and ellipse). Symbols courtesy of the Integration and 
Application Network, ian.umces.edu/symbols/ [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE  2 Questions	for	management	where	restoration	seeks	to	restore	both	oyster	reefs	and	surrounding	finfish	and	their	fisheries

Broad fields Specific questions for management

Prerequisites

Did oyster reefs historically occur in the 
area?

What	was	their	extent/distribution?

Which	species	occurred?

What	is	the	timeline	and	reasons	of	
decline/extirpation?

Diseases/pathogens/parasites?

Fishing/harvesting?

Water	quality	(e.g.,	suspended	solids)?

Has this reason been arrested?

Are there now fewer fish? Evidence of declined biodiversity and/or catches?

Can this be tied to the loss of oyster reefs?

A- Oyster reefs as fish habitats

Do the right habitats and physico- 
chemical conditions exist for oysters?

Is there the appropriate elevation/depth?

Is the hydrographic connectivity maintained both upstream and at sea?

Is the salinity, turbidity, primary (plankton) productivity, suitable for settlement, survival and 
long- term growth?

Can the environmental variables that 
affect fish and oysters be matched?

What	environmental	envelopes	does	the	target	oyster	species	prefer?

What	environmental	envelopes	do	the	target	fish	species	prefer?

Where	are	the	areas	in	the	estuary	in	which	these	values	overlap?

Reef structures suitable for fish? How can the growth of invertebrates and small fish be encouraged to enhance feeding opportunities 
for fish?

How does the reef function to improve protection from predation?

B- The seascape context

Is the area available and suitable for reef 
placements?

Restrictions due to shipping, boating or recreational usages?

Restrictions on oyster translocation (e.g., Biosecurity exclusions)?

Linkages to other habitat types? Which	alternate	habitats	(e.g.,	seagrass,	marsh,	mangroves)	are	most	important	in	terms	of	linkages	
within each system?

Over which scales do these linkages occur?

Can the placement of reefs be optimized under this context to improve carrying capacity?

Linkages to other oyster reefs? Are there sources available for oyster larvae from other reefs?

Can fish use the restored reefs as a network?

Over which scales do these linkages occur?

Can the placement of reefs be optimized under this context to improve carrying capacity?

C- Fisheries and catchment management

Are existing fisheries management 
sufficient?

Do existing bag limits or marine reserves serve to enhance the breeding biomass of fish around reefs?

If no, can, and how might this be changed to do so?

Are existing catchment management 
plans sufficient?

Are there exogenous threats to the survival or growth of oysters and/or fish?

What	are	they,	where	do	they	exist	(at	the	site,	upstream,	or	in	the	catchment?),	and	to	what	degree	
do they influence outcomes for fish and oysters (i.e., in which order should you tackle them?)

What	approaches	should	be	taken	to	minimise	or	negate	their	effects?

D- Monitoring and adaptability

Are there appropriate restoration goals? What	are	the	specific,	quantifiable	goals	of	restoration?

Are these achievable within the lifetime of the project?

How will monitoring address whether these goals are met?

How will lessons from monitoring be fed back into the management of the reefs or broader estuary?

How will the reefs and fish be 
monitored?

Which	metrics,	what	methods?

How does this relate to the value of the reef habitat for fish (e.g., food and/or protection from 
predators?)?

Fish	beyond	the	reef	site?	(i.e.,	at	a	seascape	scale)

How does this relate to the broader project goals?
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2014; Lotze et al., 2006). This suite of exogenic and endogenic an-
thropogenic stressors and their large spatial footprint necessitates 
a	broad	“land-	to-	sea”	framework	for	managing	potential	changes	in	
water quality, fish populations and habitats (Cicchetti & Greening, 
2011; Gilby et al., 2016). Oyster reef restoration can be compromised 
by	excessive	nutrient	and	sediment	 inputs	 (Walles	et	al.,	2016),	as-
sociated eutrophic symptoms including hypoxia (Beck et al., 2011) 
and loss of connectivity with functionally linked habitats (e.g., sea-
grasses, mangroves and coastal seas; Nagelkerken et al., 2015; Olds 
et	al.,	2017;	Whitfield,	2017)	through	either	habitat	degradation.	Fish	
access to reefs and/or estuaries might be limited by blocking of fish 
passage through coastal defences, sandbank development due to low 
river flow from increased abstraction upstream and urban barriers 
and infrastructures (Bishop et al., 2017). The outcomes of oyster reef 
restoration will, therefore, be maximized only when management 
minimizes the deleterious effects of other impacting processes that 
affect the focal estuary and its catchment. The expansion of oyster 
reef habitat can, however, augment other estuarine habitats through 
the introduction of production ecosystem services leading to so-
cietal goods and benefits (Elliott et al., 2017; Turner & Schaafsma, 
2015). These include: (a) improving water quality by reducing excess 
nitrogen (Piehler & Smyth, 2011; Smyth, Piehler, & Grabowski, 2015) 
and filtering particulates, which increases the level of sunlight reach-
ing	the	seabed	(Wall,	Peterson,	&	Gobler,	2008);	(b)	the	fertilization	
of benthic habitats from pseudofaeces (Peterson & Heck, 1999). 
These services facilitate marsh and seagrass habitats, which in turn 
increase	fish	production	(Whitfield,	2017)	and	again	in	turn	lead	to	
increased societal goods and benefits such as commercial fish yields, 
recreation benefits or coastal defences (Turner & Schaafsma, 2015).

3.4 | Monitor reefs and fish across the seascape for 
management, and implement changes where required

Restoration projects should have explicit goals, executed by best 
practices that can be adapted based on results from ongoing moni-
toring	and	new	research	(Margules	&	Pressey,	2000;	Wiens	&	Hobbs,	
2015). Indeed, failed or ineffective restoration is often due to poor 
or ill- defined objectives (Elliott et al., 2016). Hence, management 
of oyster reef restoration projects requires the revision of existing 
management interventions and the refinement of any practices that 
are ineffective (see the lessons learned in Elliott et al., 2016). Thus, 
oyster reef restoration projects should continually measure how 
effective	actions	are	in	meeting	restoration	goals	(Wiens	&	Hobbs,	
2015).	While	monitoring	protocols	and	metrics	for	restored	oyster	
reefs are established for the reefs themselves (see Baggett et al., 
2015 for specific details), and basic monitoring protocols have been 
detailed for finfish (Baggett et al., 2014), general metrics for assess-
ing how reefs affect the quality of surrounding fish and fisheries, 
beyond the restoration site (i.e., at a seascape scale) have not been 
established.

In general, there are two alternatives to determining whether the 
restored site is performing as desired: one is that a comparison with 
the restored site and another control site (or another control time) 

could be used, or alternatively the environmental managers need to 
clearly indicate what is desired for a restored site and then all of the 
monitoring is to check deviation from that objective; both of these 
are wholly dependent on clear objectives being set for the restored 
site and its dependent populations and species.

The choice of monitoring metrics will largely be determined by 
the	goals	and	objectives	of	specific	projects	(McDonald,	Jonson,	&	
Dixon, 2016). There are, however, several minimum requirements 
that should be met to enable proper estimations of the effects of 
oyster reefs on fish. At a minimum, all monitoring should encompass 
counts of entire fish assemblages at multiple time points and con-
trol sites both before and after restoration. Such a BACI- PS (Before- 
After- Control- Impact Paired Series) design is needed to disentangle 
the effects of tidal, seasonal or annual variation on fish assemblages 
(Underwood, 1994) and to measure secondary production (i.e., the 
accumulation of fish biomass over time). It is also desirable to mon-
itor not only restoration and control sites, but also references sites 
or remnant habitats of the type which the restoration effort is aspir-
ing	to	recreate	(Grayson,	Chapman,	&	Underwood,	1999;	McDonald	
et al., 2016). The physicochemical environment needs to be moni-
tored as well as the ecological structure and functioning otherwise 
changes in the latter cannot be explained. Ideally, multiple control 
estuaries, with no oyster reef restoration (again following BACI- PS), 
should also be monitored during the period of reef establishment 
and fish recruitment, so that the ecological benefits of oyster res-
toration can be properly separated from any other regional changes 
that might also be affecting oyster reefs and fish assemblages 
(Underwood, 1994). Projects running for a number of years will ben-
efit greatly from measuring the recruitment and size distributions of 
focal	species	(Shin,	Rochet,	Jennings,	Field,	&	Gislason,	2005).

As fish move among ecosystems in coastal seascapes (e.g., from 
oyster reefs to other habitats; Nagelkerken et al., 2015), the poten-
tial fisheries benefits of restored oyster reefs will not be restricted to 
the near- field footprint of individual restoration projects but also re-
quire consideration of far- field effects. To establish the extent of any 
such fisheries benefits, it will, therefore, be beneficial to measure 
potential changes to fish assemblages and fish catches at a wider 
seascape scale (i.e., up to km from restored oyster reefs). In essence, 
the monitoring has to cover all component pairs: environment–oys-
ters, environment–fishes, oysters–fishes, oysters–predators and 
fishes–predators. This gives both the structural and functional 
measurements.

In addition to monitoring fish, there are several metrics that 
might be monitored and that are usually correlated or associated 
with the abundance of fish that managers can use to demonstrate 
the effectiveness of oyster reefs for fish and for the ecosystem more 
broadly.	Several	ecological	processes,	such	as	scavenging	(Webley,	
2008), predation and nutrient sequestration or turnover (Kellogg, 
Cornwell, Owens, & Paynter, 2013), are intimately linked with the 
abundance of fishes in coastal ecosystems and so are increasingly 
used as measures of ecosystem health (Havstad & Herrick, 2003). 
The use of indicators of ecosystem condition and functioning (e.g., 
indicator species and umbrella species) is increasing for estuaries 
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globally	(e,g.	Gilby,	Olds,	Connolly	et	al.,	2017;	Montagna,	Estevez,	
Palmer,	&	Flannery,	 2008;	Valesini,	Cottingham,	Hallett,	&	Clarke,	
2017). However, further studies are required to identify potential 
indicator species that might be useful for oyster reefs; especially 
those that might be used to compare patterns across biogeographic 
regions (Table 1). As restored oyster reefs accumulate fish bio-
mass, they might also alter the spatial distribution of fishing effort 
in coastal seascapes (i.e., fishing could easily become concentrated 
over successful oyster reefs). Otherwise, depending on the gear 
used, the reef may discourage bottom trawling thereby acting as a 
de facto no- take zone. Hence, monitoring potential changes in the 
distribution of fishing effort (e.g., mapping anglers and commercial 
fishing in relations to reefs) is, therefore, necessary to investigate 
how the combined effects of restoration and fishing alter fish as-
semblages on oyster reefs.

It has been recommended that the settlement and growth of 
oysters on restored reefs should be monitored for up to 6 years post 
installation	(Baggett	et	al.,	2015).	Fish	assemblages	will	continue	to	
change through this period (i.e., as oyster reefs become established) 
and could take upwards of 10 years to develop (zu Ermgassen et al., 
2016).	Monitoring	recovery	towards	the	generic	standards	provided	
by	McDonald	et	al.	(2016)	would	therefore	reduce	ambiguity	around	
goals and success.

These criteria should of course be considered as ideal or optimal 
sampling regimes. Gathering of even basic abundance and diversity 
data at individual sites should be considered an important goal for all 
oyster reef restoration projects. Likewise, cost- effective methods of 
measuring habitat size and/or quality using, for example, LIDAR or 
drone techniques, will deliver rapid information on the supporting 
ecosystem services.

4  | DISCUSSION

Oyster reef restoration is costly, so restoration efforts should seek 
win–win scenarios (e.g., for ecology and economy), where oyster 
reef restoration achieves multiple benefits (e.g., shoreline stabiliza-
tion and enhancement of fisheries productivity). Restoring oyster 
reefs augments fish biomass relative to bare substrata and integrat-
ing several key concepts from estuarine fish ecology into the de-
sign and monitoring of restoration projects will help maximize their 
return on investment. Placing complex reef structures in strategic 
locations within heterogeneous estuarine seascapes might enhance 
estuarine habitat diversity and promote the performance of restored 
oyster reefs for fish and fisheries. The physical installation of oys-
ter reefs should not be viewed as the final outcome of restoration 
programs. Restored reefs must be managed, together with other 
impacting processes that might threaten restoration success (e.g., 
fishing, sedimentation and eutrophication), and monitored over time 
to maximize the accumulation of fish biomass and the benefits of 
restoration	for	fisheries	(Margules	&	Pressey,	2000;	Wiens	&	Hobbs,	
2015). Oyster reef restoration projects that account for the reef 
designs or placements that might serve to maximize the utility of 

seascapes for fish will lead to greater fish diversity, abundance and 
harvestable fish biomass throughout coastal ecosystems. As shown 
in this manuscript, there are several important research questions 
that need addressing (Table 1); however, there are also several im-
portant questions for managers to ask based on existing literature 
when aiming create successful and sustainable reefs for finfish and 
their fisheries (Table 2). By understanding the need for appropriate 
management measures and targets (such as those in Table 2) which 
have to respond to the large uncertainties in the ecological function-
ing, then the likelihood of successful and sustainable reefs can be 
enhanced.

In many instances, there are logistic and legislative challenges 
to optimizing the design, positioning, management and monitoring 
of	 reefs	 according	 to	 these	 criteria.	 For	 example,	 the	 locations	 in	
which oyster reefs can be restored might be limited by regulations 
concerning shipping, recreational activities or habitat conservation 
(e.g., legislative protection of marine plants). They may be limited by 
a poor knowledge of historical evidence of oysters or the unknown 
reasons	 for	 the	 decline	 of	 the	 previous	 stocks.	 Funding	 agencies	
might also prefer simple oyster reef designs for ease of installation, to 
limit costs, or to maximize their accessibility (Kingsley- Smith, Stone, 
Keppler, & Leffler, 2015). In many instances, the actual design of oys-
ter restoration projects will be a compromise across these multiple 
constraints	and	depend	on	specific	project	goals.	For	example,	 the	
enhancement of fisheries may be secondary to shoreline stabilization 
under some scenarios. Notwithstanding these challenges, if the goal 
of oyster reef restoration is to enhance fish populations and bene-
fit fisheries it is imperative to optimize the habitat values, seascape 
context and ongoing monitoring and management of restored reefs.

The restoration of habitats and biodiversity is valued by society 
and	 can	 convey	 significant	 psychological	 benefits	 to	 users	 (Fuller,	
Irvine,	 Devine-	Wright,	 Warren,	 &	 Gaston,	 2007;	 Rey	 Benayas,	
Newton, Diaz, & Bullock, 2009). Successful restoration projects that 
improve the condition of habitats or enhance fish populations, also 
provide valuable ecosystem services and societal goods and benefits 
(e.g., food provision, bank reinforcement and biodiversity enhance-
ment) and are, therefore, an asset to local people. Restoring lost hab-
itats should be viewed as a significant achievement, irrespective of 
the goals of the project or whether fisheries are enhanced by the 
restoration efforts. By better integrating the goal of supplementing 
fish and fisheries, with the objectives of oyster reef restoration, we 
might therefore increase stakeholder engagement (La Peyre et al., 
2012) and help to ensure that restored oyster reefs function opti-
mally within socio- ecological systems. In essence, the aim will be 
to improve the ecological structure and functioning and not merely 
achieve	an	exercise	of	more	value	“to	the	ecologists	than	the	ecol-
ogy”	(Elliott	et	al.,	2016).

Further	 development	 of	 these	 concepts	 requires	 ongoing	 in-
vestigation of the effects of oyster reef restoration on fish assem-
blages. Designing oyster reef structures that are attractive as both 
sources of food and refuges from predation must be a priority for 
oyster reef restoration projects where restoring fish and fisheries is 
also	a	goal	(research	priorities	1	and	2,	Table	1).	While	many	studies	
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have demonstrated that reefs serve as nursery and adult finfish 
habitats and augment fish production locally (10s to 100s m), the 
next critical step is to determine whether these benefits convey to 
fish populations (e.g., Peterson et al., 2003), ecological functions 
(e.g., Rodney & Paynter, 2006) or nursery values (Nagelkerken 
et al., 2015) at larger spatial scales (km to 10s of km) beyond the 
reef	sites.	Furthermore,	while	studies	have	demonstrated	that	bet-
ter connected reefs harbour more animals (e.g., Gain et al., 2017), 
the degree to which these metrics of fish and fish- associated eco-
logical functions are enhanced across different types of seascapes, 
whether these effects are consistent, and which oyster reef designs 
optimize the effects is unclear (research priorities 3 and 4, Table 1). 
Properly managing fish biomass on, and around, restored oyster 
reefs requires a clearer understanding of how people interact with 
reefs and how these interactions might modify the responses of 
recovering fish communities (research priority 5, Table 1). To help 
optimize future restoration projects for finfish, we must identify 
suitable indicators that can be used to measure restoration suc-
cess for finfish specifically (research priority 6, Table 1). There is 
now an accepted list of attributes required by suitable indicators 
(e.g., Elliott, 2011) to ensure that not only are they operational but 
that managers will know when they have been reached. Hence, the 
central function of management being that measures (such as res-
toration) will be seen to achieved the desired aims.

Restoring oyster reefs can have significant, often positive, ef-
fects for fish and fisheries. The management and research recom-
mendations presented here are a basic set that can be expanded, 
refined and adapted by individual projects to best match goals and 
objectives	and	can	be	easily	integrated	into	most	projects.	We	em-
phasize that the effectiveness of oyster reef restoration projects for 
fish and fisheries can be improved by optimizing the habitat values 
and seascape context of individual reefs, by managing other impact-
ing processes and through adaptive monitoring with appropriate in-
dicators of restoration performance.

ACKNOWLEDG EMENTS

This	work	was	funded	by	SeaWorld	Research	and	Rescue	Foundation,	
Noosa	Biosphere	Reserve	Foundation	and	the	Noosa	Council.	The	
authors thank N. Yabsley and C. Henderson for their helpful discus-
sions during the development of this work.

ORCID

Ben L. Gilby  http://orcid.org/0000-0001-8642-9411 

Andrew D. Olds  http://orcid.org/0000-0002-8027-3599 

R E FE R E N C E S

Amorim,	 E.,	 Ramos,	 S.,	 Elliott,	M.,	 Franco,	A.,	&	Bordalo,	A.	A.	 (2017).	
Habitat loss and gain: Influence on habitat attractiveness for estua-
rine fish communities. Estuarine Coastal and Shelf Science, 197, 244–
257. https://doi.org/10.1016/j.ecss.2017.08.043

Bachman,	P.	M.,	&	Rand,	G.	M.	(2008).	Effects	of	salinity	on	native	estua-
rine	fish	species	in	South	Florida.	Ecotoxicology, 17, 591–597. https://
doi.org/10.1007/s10646-008-0244-7

Baggett, L. P., Powers, S. P., Brumbaugh, R., Coen, L. D., DeAngelis, B., 
Greene,	J.,	…	Morlock,	S.	(2014).	Oyster habitat restoration monitoring 
and assessment handbook.	Arlington,	VA:	The	Nature	Conservancy.

Baggett, L. P., Powers, S. P., Brumbaugh, R. D., Coen, L. D., DeAngelis, B. 
M.,	Greene,	J.	K.,	…	zu	Ermgassen,	P.	S.	E.	(2015).	Guidelines	for	eval-
uating performance of oyster habitat restoration. Restoration Ecology, 
23, 737–745. https://doi.org/10.1111/rec.12262

Baker,	 R.,	 Sheaves,	 M.,	 &	 Johnston,	 R.	 (2015).	 Geographic	 variation	
in mangrove flooding and accessibility for fishes and nektonic 
crustaceans. Hydrobiologia, 762, 1–14. https://doi.org/10.1007/
s10750-015-2329-7

Bartholomew, A., & Bohnsack, J. A. (2005). A review of catch- and- release 
angling mortality with implications for no- take reserves. Reviews 
in Fish Biology and Fisheries, 15, 129–154. https://doi.org/10.1007/
s11160-005-2175-1

Beck,	M.	W.,	 Brumbaugh,	 R.	 D.,	 Airoldi,	 L.,	 Carranza,	 A.,	 Coen,	 L.	 D.,	
Crawford, C., … Guo, X. (2011). Oyster reefs at risk and recommen-
dations for conservation, restoration, and management. BioScience, 
61, 107–116. https://doi.org/10.1525/bio.2011.61.2.5

Beck,	M.	W.,	Heck,	K.	L.,	Able,	K.	W.,	Childers,	D.	L.,	Eggleston,	D.	B.,	
Gillanders,	 B.	 M.,	 …	 Weinstein,	 M.	 R.	 (2001).	 The	 identification,	
conservation, and management of estuarine and marine nurser-
ies for fish and invertebrates. BioScience, 51, 633–641. https://doi.
org/10.1641/0006-3568(2001) 051[0633:ticamo]2.0.co;2

Benfield,	 M.	 C.,	 &	 Minello,	 T.	 J.	 (1996).	 Relative	 effects	 of	 turbidity	
and light intensity on reactive distance and feeding of an estua-
rine fish. Environmental Biology of Fishes, 46, 211–216. https://doi.
org/10.1007/bf00005223

Bishop,	M.	J.,	Mayer-Pinto,	M.,	Airoldi,	L.,	Firth,	L.	B.,	Morris,	R.	L.,	Loke,	
L. H. L., … Dafforn, K. A. (2017). Effects of ocean sprawl on eco-
logical connectivity: Impacts and solutions. Journal of Experimental 
Marine Biology and Ecology, 492, 7–30. https://doi.org/10.1016/j.
jembe.2017.01.021

Blaber, S. J. (2008). Tropical estuarine fishes: Ecology, exploration and con-
servation.	Hoboken,	NJ:	John	Wiley	&	Sons.

Bostrom, C., Pittman, S. J., Simenstad, C., & Kneib, R. T. (2011). Seascape 
ecology of coastal biogenic habitats: Advances, gaps, and chal-
lenges. Marine Ecology Progress Series, 427, 191–217. https://doi.
org/10.3354/meps09051

Bozec,	 Y.	 M.,	 Alvarez-Filip,	 L.,	 &	 Mumby,	 P.	 J.	 (2015).	 The	 dynamics	
of architectural complexity on coral reefs under climate change. 
Global Change Biology, 21, 223–235. https://doi.org/10.1111/ 
gcb.12698

Breitburg,	D.	L.,	Palmer,	M.	A.,	&	Loher,	T.	(1995).	Larval	distributions	and	
the spatial patterns of settlement of an oyster reef fish: Responses 
to flow and structure. Marine Ecology Progress Series, 125, 45–60. 
https://doi.org/10.3354/meps125045

Cicchetti, G., & Greening, H. (2011). Estuarine biotope mosaics and 
habitat	management	 goals:	An	 application	 in	 Tampa	Bay,	 FL,	USA.	
Estuaries and Coasts, 34, 1278–1292. https://doi.org/10.1007/
s12237-011-9408-4

Coen,	L.	D.,	Giotta,	R.	E.,	Luckenbach,	M.	W.,	&	Breitburg,	D.	L.	(1999).	
Oyster reef function, enhancement, and restoration: Habitat devel-
opment and utilization by commercially-  and ecologically- important 
species. Journal of Shellfish Research, 18, 712.

Coen,	L.	D.,	&	Luckenbach,	M.	W.	(2000).	Developing	success	criteria	and	
goals for evaluating oyster reef restoration: Ecological function or 
resource exploitation? Ecological Engineering, 15, 323–343. https://
doi.org/10.1016/S0925-8574(00)00084-7

Coen,	L.	D.,	Luckenbach,	M.	W.,	&	Breitburg,	D.	L.	(1998).	The	role	of	
oyster reefs as essential fish habitat: A review of current knowl-
edge and some new perspectives. In L. R. Benaka (Ed.), Fish habitat: 

http://orcid.org/0000-0001-8642-9411
http://orcid.org/0000-0001-8642-9411
http://orcid.org/0000-0002-8027-3599
http://orcid.org/0000-0002-8027-3599
https://doi.org/10.1016/j.ecss.2017.08.043
https://doi.org/10.1007/s10646-008-0244-7
https://doi.org/10.1007/s10646-008-0244-7
https://doi.org/10.1111/rec.12262
https://doi.org/10.1007/s10750-015-2329-7
https://doi.org/10.1007/s10750-015-2329-7
https://doi.org/10.1007/s11160-005-2175-1
https://doi.org/10.1007/s11160-005-2175-1
https://doi.org/10.1525/bio.2011.61.2.5
https://doi.org/10.1641/0006-3568(2001)051[0633:ticamo]2.0.co;2
https://doi.org/10.1641/0006-3568(2001)051[0633:ticamo]2.0.co;2
https://doi.org/10.1007/bf00005223
https://doi.org/10.1007/bf00005223
https://doi.org/10.1016/j.jembe.2017.01.021
https://doi.org/10.1016/j.jembe.2017.01.021
https://doi.org/10.3354/meps09051
https://doi.org/10.3354/meps09051
https://doi.org/10.1111/gcb.12698
https://doi.org/10.1111/gcb.12698
https://doi.org/10.3354/meps125045
https://doi.org/10.1007/s12237-011-9408-4
https://doi.org/10.1007/s12237-011-9408-4
https://doi.org/10.1016/S0925-8574(00)00084-7
https://doi.org/10.1016/S0925-8574(00)00084-7


944  |     GILBY et aL.

Essential fish habitat and rehabilitation	(Vol.	22, pp. 438–454). New 
York.	NY:	American	Fisheries	Society.

Connolly,	R.	M.,	&	Hindell,	J.	S.	(2006).	Review	of	nekton	patterns	and	eco-
logical processes in seagrass landscapes. Estuarine Coastal and Shelf 
Science, 68, 433–444. https://doi.org/10.1016/j.ecss.2006.01.023

Creighton,	C.,	Boon,	P.	I.,	Brookes,	J.	D.,	&	Sheaves,	M.	(2015).	Repairing	
Australia’s	estuaries	for	improved	fisheries	production	–	What	ben-
efits, at what cost? Marine and Freshwater Research, 66, 493–507. 
https://doi.org/10.1071/mf14041

D’Agostini,	A.,	Gherardi,	D.	F.	M.,	&	Pezzi,	L.	P.	 (2015).	Connectivity	or	
marine protected areas and its relation with total kinetic energy. PLoS 
One, 10, e0139601. https://doi.org/10.1371/journal.pone.0139601

Edgar,	G.	J.,	Stuart-Smith,	R.	D.,	Willis,	T.	J.,	Kininmonth,	S.,	Baker,	S.	C.,	
Banks, S., … Thomson, R. J. (2014). Global conservation outcomes de-
pend on marine protected areas with five key features. Nature, 506, 
216–220. https://doi.org/10.1038/nature13022

Edwards,	 H.	 J.,	 Elliott,	 I.	 A.,	 Pressey,	 R.	 L.,	 &	 Mumby,	 P.	 J.	 (2009).	
Incorporating ontogenetic dispersal, ecological processes and con-
servation zoning into reserve design. Biological Conservation, 143, 
457–470. https://doi.org/10.1016/j.biocon.2009.11.013

Elliott,	M.	 (2011).	Marine	science	and	management	means	 tackling	ex-
ogenic unmanaged pressures and endogenic managed pressures – A 
numbered guide. Marine Pollution Bulletin, 62, 651–655. https://doi.
org/10.1016/j.biocon.2009.11.013

Elliott,	M.,	Burdon,	D.,	Atkins,	 J.	P.,	Borja,	A.,	Cormier,	R.,	de	Jonge,	V.	
N.,	 &	 Turner,	 R.	 K.	 (2017).	 “And	 DPSIR	 begat	 DAPSI(W)R(M)!”	 –	
A unifying framework for marine environmental management. 
Marine Pollution Bulletin, 118, 27–40. https://doi.org/10.1016/j.
marpolbul.2017.03.049

Elliott,	M.,	Cutts,	N.	D.,	&	Trono,	A.	 (2014).	A	 typology	of	marine	 and	
estuarine hazards and risks as vectors of change: A review for vulner-
able coasts and their management. Ocean & Coastal Management, 93, 
88–99. https://doi.org/10.1016/j.biocon.2009.11.013

Elliott,	M.,	Mander,	L.,	Mazik,	K.,	Simenstad,	C.,	Valesini,	F.,	Whitfield,	A.,	
&	Wolanski,	E.	(2016).	Ecoengineering	with	Ecohydrology:	Successes	
and failures in estuarine restoration. Estuarine, Coastal and Shelf 
Science, 176, 12–35. https://doi.org/10.1016/j.ecss.2016.04.003

Elliott,	M.,	&	Quintino,	V.	 (2007).	The	estuarine	quality	paradox,	 envi-
ronmental homeostasis and the difficulty of detecting anthropogenic 
stress in naturally stressed areas. Marine Pollution Bulletin, 54, 640–
645. https://doi.org/10.1016/j.marpolbul.2007.02.003

Engelhard,	S.	L.,	Huijbers,	C.	M.,	Stewart-Koster,	B.,	Olds,	A.	D.,	Schlacher,	
T.	A.,	&	Connolly,	R.	M.	(2017).	Prioritising	seascape	connectivity	in	
conservation using network analysis. Journal of Applied Ecology, 54, 
1130–1141. https://doi.org/10.1111/1365-2664.12824

Farinas-Franco,	 J.	 M.,	 &	 Roberts,	 D.	 (2014).	 Early	 faunal	 successional	
patterns in artificial reefs used for restoration of impacted bio-
genic habitats. Hydrobiologia, 727, 75–94. https://doi.org/10.1007/
s10750-013-1788-y

Fuller,	R.	A.,	 Irvine,	K.	N.,	Devine-Wright,	P.,	Warren,	P.	H.,	&	Gaston,	
K. J. (2007). Psychological benefits of greenspace increase with 
biodiversity. Biology Letters, 3, 390–394. https://doi.org/10.1098/
rsbl.2007.0149

Gain,	I.	E.,	Brewton,	R.	A.,	Robillard,	M.	M.	R.,	Johnson,	K.	D.,	Smee,	D.	
L.,	&	Stunz,	G.	W.	(2017).	Macrofauna	using	intertidal	oyster	reef	var-
ies in relation to position within the estuarine habitat mosaic. Marine 
Biology, 164, 8. https://doi.org/10.1007/s00227-016-3033-5

Geraldi, N. R., Powers, S. P., Heck, K. L., & Cebrian, J. (2009). Can habi-
tat restoration be redundant? Response of mobile fishes and crusta-
ceans to oyster reef restoration in marsh tidal creeks. Marine Ecology 
Progress Series, 389, 171–180. https://doi.org/10.3354/meps08224

Gilby,	B.	L.,	Maxwell,	P.	S.,	Tibbetts,	I.	R.,	&	Stevens,	T.	(2015).	Bottom-	up	
factors for algal productivity outweigh no- fishing marine protected 
area effects in a marginal coral reef system. Ecosystems, 18, 1056–
1069. https://doi.org/10.1007/s10021-015-9883-8

Gilby,	B.	L.,	Olds,	A.	D.,	Connolly,	R.	M.,	Maxwell,	P.	S.,	Henderson,	C.	J.,	
& Schlacher, T. A. (2018). Seagrass meadows shape fish assemblages 
across estuarine seascapes. Marine Ecology Progress Series, 588, 179–
189. https://doi.org/10.3354/meps12394

Gilby,	B.	L.,	Olds,	A.	D.,	Connolly,	R.	M.,	Stevens,	T.,	Henderson,	C.	 J.,	
Maxwell,	P.	S.,	…	Schlacher,	T.	A.	 (2016).	Optimising	 land-	sea	man-
agement for inshore coral reefs. PLoS One, 11, e0164934. https://doi.
org/10.1371/journal.pone.0164934

Gilby,	B.	L.,	Olds,	A.	D.,	Connolly,	R.	M.,	Yabsley,	N.	A.,	Maxwell,	P.	S.,	
Tibbetts, I. R., … Schlacher, T. A. (2017). Umbrellas can work under 
water: Using threatened species as indicator and management surro-
gates can improve coastal conservation. Estuarine Coastal and Shelf 
Science, 199, 132–140. https://doi.org/10.1016/j.ecss.2017.10.003

Gilby,	B.	L.,	Olds,	A.	D.,	Yabsley,	N.	A.,	Maxwell,	P.	S.,	Connolly,	R.	M.,	
& Schlacher, T. A. (2017). Enhancing the performance of marine re-
serves in estuaries: Just add water. Biological Conservation, 210, 1–7. 
https://doi.org/10.1016/j.biocon.2017.03.027

Gilby,	B.	L.,	&	Stevens,	T.	(2014).	Meta-	analysis	indicates	habitat-	specific	
alterations to primary producer and herbivore communities in marine 
protected areas. Global Ecology and Conservation, 2, 289–299. https://
doi.org/10.1016/j.gecco.2014.10.005

Gillies,	 C.	 L.,	 Fitzsimons,	 J.	 A.,	 Branigan,	 S.,	 Hale,	 L.,	 Hancock,	 B.,	
Creighton,	C.,	…	Winstanley,	R.	(2015).	Scaling-	up	marine	restoration	
efforts in Australia. Ecological Management & Restoration, 16, 84–85. 
https://doi.org/10.1111/emr.12159

Gittman,	R.	K.,	Peterson,	C.	H.,	Currin,	C.	A.,	Fodrie,	F.	J.,	Piehler,	M.	F.,	&	
Bruno,	J.	F.	(2016).	Living	shorelines	can	enhance	the	nursery	role	of	
threatened estuarine habitats. Ecological Applications, 26, 249–263. 
https://doi.org/10.1890/14-0716

Gorman, D., Russell, B. D., & Connell, S. D. (2009). Land- to- sea connec-
tivity: Linking human- derived terrestrial subsidies to subtidal habitat 
change on open rocky coasts. Ecological Applications, 19, 1114–1126. 
https://doi.org/10.1890/08-0831.1

Grabowski,	J.	H.,	Brumbaugh,	R.	D.,	Conrad,	R.	F.,	Keeler,	A.	G.,	Opaluch,	
J. J., Peterson, C. H., … Smyth, A. R. (2012). Economic valuation of 
ecosystem services provided by oyster reefs. BioScience, 62, 900–
909. https://doi.org/10.1525/bio.2012.62.10.10

Grabowski,	 J.	H.,	Hughes,	A.	R.,	Kimbro,	D.	 L.,	&	Dolan,	M.	A.	 (2005).	
How habitat setting influences restored oyster reef communities. 
Ecology, 86, 1926–1935. https://doi.org/10.1890/04-0690

Gratwicke,	B.,	&	Speight,	M.	R.	(2005a).	Effects	of	habitat	complexity	on	
Caribbean marine fish assemblages. Marine Ecology Progress Series, 
292, 301–310. https://doi.org/10.3354/meps292301

Gratwicke,	B.,	&	Speight,	M.	R.	 (2005b).	The	relationship	between	fish	
species richness, abundance and habitat complexity in a range of 
shallow tropical marine habitats. Journal of Fish Biology, 66, 650–667. 
https://doi.org/10.1111/j.1095-8649.2005.00629.x

Gray,	 J.	 S.,	&	Elliott,	M.	 (2009).	Ecology of marine sediments: Science to 
management. Oxford, UK: Oxford University Press.

Grayson,	 J.	 E.,	 Chapman,	 M.	 G.,	 &	 Underwood,	 A.	 J.	 (1999).	 The	 as-
sessment of restoration of habitat in urban wetlands. Landscape 
and Urban Planning, 43, 227–236. https://doi.org/10.1016/
S0169-2046(98)00108-X

Green,	A.	L.,	Fernandes,	L.,	Almany,	G.,	Abesamis,	R.,	McLeod,	E.,	Alino,	
P.	M.,	…	Pressey,	R.	L.	(2014).	Designing	marine	reserves	for	fisheries	
management, biodiversity conservation, and climate change adapta-
tion. Coastal Management, 42, 143–159. https://doi.org/10.1080/08
920753.2014.877763

Gregalis,	K.	C.,	 Johnson,	M.	W.,	&	Powers,	 S.	P.	 (2009).	Restored	oys-
ter reef location and design affect responses of resident and tran-
sient	 fish,	 crab,	 and	 shellfish	 species	 in	 Mobile	 Bay,	 Alabama.	
Transactions of the American Fisheries Society, 138, 314–327. https://
doi.org/10.1577/T08-041.1

Gregalis, K. C., Powers, S. P., & Heck, K. L. Jr (2008). Restoration 
of	 oyster	 reefs	 along	 a	 bio-	physical	 gradient	 in	 Mobile	 Bay,	

https://doi.org/10.1016/j.ecss.2006.01.023
https://doi.org/10.1071/mf14041
https://doi.org/10.1371/journal.pone.0139601
https://doi.org/10.1038/nature13022
https://doi.org/10.1016/j.biocon.2009.11.013
https://doi.org/10.1016/j.biocon.2009.11.013
https://doi.org/10.1016/j.biocon.2009.11.013
https://doi.org/10.1016/j.marpolbul.2017.03.049
https://doi.org/10.1016/j.marpolbul.2017.03.049
https://doi.org/10.1016/j.biocon.2009.11.013
https://doi.org/10.1016/j.ecss.2016.04.003
https://doi.org/10.1016/j.marpolbul.2007.02.003
https://doi.org/10.1111/1365-2664.12824
https://doi.org/10.1007/s10750-013-1788-y
https://doi.org/10.1007/s10750-013-1788-y
https://doi.org/10.1098/rsbl.2007.0149
https://doi.org/10.1098/rsbl.2007.0149
https://doi.org/10.1007/s00227-016-3033-5
https://doi.org/10.3354/meps08224
https://doi.org/10.1007/s10021-015-9883-8
https://doi.org/10.3354/meps12394
https://doi.org/10.1371/journal.pone.0164934
https://doi.org/10.1371/journal.pone.0164934
https://doi.org/10.1016/j.ecss.2017.10.003
https://doi.org/10.1016/j.biocon.2017.03.027
https://doi.org/10.1016/j.gecco.2014.10.005
https://doi.org/10.1016/j.gecco.2014.10.005
https://doi.org/10.1111/emr.12159
https://doi.org/10.1890/14-0716
https://doi.org/10.1890/08-0831.1
https://doi.org/10.1525/bio.2012.62.10.10
https://doi.org/10.1890/04-0690
https://doi.org/10.3354/meps292301
https://doi.org/10.1111/j.1095-8649.2005.00629.x
https://doi.org/10.1016/S0169-2046(98)00108-X
https://doi.org/10.1016/S0169-2046(98)00108-X
https://doi.org/10.1080/08920753.2014.877763
https://doi.org/10.1080/08920753.2014.877763
https://doi.org/10.1577/T08-041.1
https://doi.org/10.1577/T08-041.1


     |  945GILBY et aL.

Alabama. Journal of Shellfish Research, 27, 1163–1169. https://doi.
org/10.2983/0730-8000-27.5.1163

Grober-Dunsmore,	R.,	Pittman,	S.	J.,	Caldow,	C.,	Kendall,	M.	S.,	&	Frazer,	
T. K. (2009). A landscape ecology approach for the study of ecolog-
ical connectivity across tropical marine seascapes. In I. Nagelkerken 
(Ed.), Ecological connectivity among tropical coastal ecosystems (pp. 
493–530). Dordrecht: Springer.

Guidetti,	P.,	Milazzo,	M.,	Bussotti,	S.,	Molinari,	A.,	Murenu,	M.,	Pais,	A.,	
… Tunesi, L. (2008). Italian marine reserve effectiveness: Does en-
forcement matter? Biological Conservation, 141, 699–709. https://doi.
org/10.1016/j.biocon.2007.12.013

Gustafson,	E.	 J.	 (1998).	Quantifying	 landscape	spatial	pattern:	What	 is	
the state of the art? Ecosystems, 1, 143–156. https://doi.org/10.1007/
s100219900011

Gustafson, E. J., & Gardner, R. H. (1996). The effect of landscape hetero-
geneity on the probability of patch colonization. Ecology, 77, 94–107. 
https://doi.org/10.2307/2265659

Halpern,	 B.	 S.,	Gaines,	 S.	D.,	&	Warner,	 R.	 R.	 (2004).	 Confounding	 ef-
fects of the export of production and the displacement of fishing 
effort from marine reserves. Ecological Applications, 14, 1248–1256. 
https://doi.org/10.1890/03-5136

Halpern, B. S., Lester, S. E., & Kellner, J. B. (2009). Spillover from 
marine reserves and the replenishment of fished stocks. 
Environmental Conservation, 36, 268–276. https://doi.org/10.1017/
S0376892910000032

Hannan,	 J.	C.,	&	Williams,	R.	 J.	 (1998).	Recruitment	of	 juvenile	marine	
fishes to seagrass habitat in a temperate Australian estuary. Estuaries, 
21, 29–51.

Harwell,	H.	D.,	Posey,	M.	H.,	&	Alphin,	T.	D.	(2011).	Landscape	aspects	of	
oyster reefs: Effects of fragmentation on habitat utilization. Journal 
of Experimental Marine Biology and Ecology, 409, 30–41. https://doi.
org/10.1016/j.jembe.2011.07.036

Havstad,	K.	M.,	&	Herrick,	 J.	 E.	 (2003).	 Long-	term	ecological	monitor-
ing. Arid Land Research and Management, 17, 389–400. https://doi.
org/10.1080/15324980390229300

Henderson,	 C.	 J.,	 Olds,	 A.	 D.,	 Lee,	 S.	 Y.,	 Gilby,	 B.	 L.,	 Maxwell,	 P.	 S.,	
Connolly,	R.	M.,	&	Stevens,	T.	(2017).	Marine	reserves	and	seascape	
context shape fish assemblages in seagrass ecosystems. Marine 
Ecology Progress Series, 566, 135–144. https://doi.org/10.3354/
meps12048

Humphries,	A.	T.,	&	La	Peyre,	M.	K.	(2015).	Oyster	reef	restoration	sup-
ports increased nekton biomass and potential commercial fishery 
value. PeerJ, 3, e1111. https://doi.org/10.7717/peerj.1111

Johnson, K. D., & Smee, D. L. (2014). Predators influence the tidal distri-
bution of oysters (Crassostrea virginica). Marine Biology, 161, 1557–
1564. https://doi.org/10.1007/s00227-014-2440-8

Kellogg,	M.	 L.,	 Cornwell,	 J.	 C.,	 Owens,	M.	 S.,	 &	 Paynter,	 K.	 T.	 (2013).	
Denitrification and nutrient assimilation on a restored oyster reef. 
Marine Ecology Progress Series, 480, 1–19. https://doi.org/10.3354/
meps10331

Kimbro,	D.	L.,	Byers,	J.	E.,	Grabowski,	J.	H.,	Hughes,	A.	R.,	&	Piehler,	M.	
F.	(2014).	The	biogeography	of	trophic	cascades	on	US	oyster	reefs.	
Ecology Letters, 17, 845–854. https://doi.org/10.1111/ele.12293

Kingsley-Smith, P., Stone, B., Keppler, B., & Leffler, J. (2015). Expanding 
living shorelines through stakeholder- driven site selections for inter-
tidal oyster reef building in the Ace Basin Nerr, South Carolina, USA. 
Journal of Shellfish Research, 34, 647–648.

Kirby,	M.	X.	 (2004).	 Fishing	 down	 the	 coast:	Historical	 expansion	 and	
collapse of oyster fisheries along continental margins. Proceedings 
of the National Academy of Science, 101, 13096–13099. https://doi.
org/10.1073/pnas.0405150101

Klein,	C.	J.,	Jupiter,	S.	D.,	Selig,	E.	R.,	Watts,	M.	E.,	Halpern,	B.	S.,	Kamal,	
M.,	…	Possingham,	H.	P.	(2012).	Forest	conservation	delivers	highly	
variable coral reef conservation outcomes. Ecological Applications, 
22, 1246–1256. https://doi.org/10.1890/11-1718.1

La	Peyre,	M.,	Furlong,	J.,	Brown,	L.	A.,	Piazza,	B.	P.,	&	Brown,	K.	(2014).	
Oyster	reef	restoration	in	the	northern	Gulf	of	Mexico:	Extent,	meth-
ods and outcomes. Ocean & Coastal Management, 89, 20–28. https://
doi.org/10.1016/j.ocecoaman.2013.12.002

La	Peyre,	M.	K.,	Humphries,	A.	T.,	Casas,	S.	M.,	&	La	Peyre,	J.	F.	(2014).	
Temporal variation in development of ecosystem services from oys-
ter reef restoration. Ecological Engineering, 63, 34–44. https://doi.
org/10.1016/j.ecoleng.2013.12.001

La	Peyre,	M.	K.,	Nix,	A.,	Laborde,	L.,	&	Piazza,	B.	P.	(2012).	Gauging	state-	
level and user group views of oyster reef restoration activities in 
the	northern	Gulf	of	Mexico.	Ocean & Coastal Management, 67, 1–8. 
https://doi.org/10.1016/j.ocecoaman.2012.06.001

Lédée,	 E.	 J.	 I.,	 Sutton,	 S.	 G.,	 Tobin,	 R.	 C.,	 &	De	 Freitas,	 D.	M.	 (2012).	
Responses and adaptation strategies of commercial and charter fish-
ers	to	zoning	changes	in	the	Great	Barrier	Reef	Marine	Park.	Marine 
Policy, 36, 226–234. https://doi.org/10.1016/j.marpol.2011.05.009

Lehnert,	R.	L.,	&	Allen,	D.	M.	(2002).	Nekton	use	of	subtidal	oyster	shell	
habitat in a southeastern US estuary. Estuaries, 25, 1015–1024. 
https://doi.org/10.1007/bf02691348

Lenihan, H. S. (1999). Physical- biological coupling on oyster reefs: How 
habitat structure influences individual performance. Ecological 
Monographs, 69, 251–275. https://doi.org/10.1890/0012-9615(1999) 
069[0251:pbcoor]2.0.co;2

Lenihan,	H.	S.,	Micheli,	F.,	Shelton,	S.	W.,	&	Peterson,	C.	H.	(1999).	The	
influence of multiple environmental stressors on susceptibility to 
parasites: An experimental determination with oysters. Limnology 
and Oceanography, 44, 910–924. https://doi.org/10.1890/11-1718.1

Lenihan,	H.	S.,	Peterson,	C.	H.,	Byers,	J.	E.,	Grabowski,	J.	H.,	Thayer,	G.	W.,	
& Colby, D. R. (2001). Cascading of habitat degradation: Oyster reefs 
invaded by refugee fishes escaping stress. Ecological Applications, 11, 
764–782. https://doi.org/10.2307/3061115

Lerberg,	S.	B.,	Holland,	A.	F.,	&	Sanger,	D.	M.	(2000).	Responses	of	tidal	
creek macrobenthic communities to the effects of watershed devel-
opment. Estuaries, 23, 838–853. https://doi.org/10.2307/1353001

Lipcius, R. N., Eggleston, D. B., Schreiber, S. J., Seitz, R. D., Shen, J., Sisson, 
M.,	…	Wang,	H.	V.	(2008).	Importance	of	metapopulation	connectivity	
to restocking and restoration of marine species. Reviews in Fisheries 
Science, 16, 101–110. https://doi.org/10.1080/10641260701812574

Lotze, H. K., Lenihan, H. S., Bourque, B. J., Bradbury, R. H., Cooke, R. 
G.,	 Kay,	M.	C.,	…	 Jackson,	 J.	 B.	 C.	 (2006).	Depletion,	 degradation,	
and recovery potential of estuaries and coastal seas. Science, 312, 
1806–1809. https://doi.org/10.1126/science.1128035

Lunt, J., & Smee, D. L. (2015). Turbidity interferes with foraging success 
of visual but not chemosensory predators. PeerJ, 3, e1212. https://
doi.org/10.7717/peerj.1212

Margules,	C.	R.,	&	Pressey,	R.	L.	 (2000).	Systematic	conservation	plan-
ning. Nature, 405, 243–253. https://doi.org/10.1038/35012251

Marshall,	 S.,	&	Elliott,	M.	 (1998).	 Environmental	 influences	on	 the	 fish	
assemblage of the Humber estuary, UK. Estuarine Coastal and Shelf 
Science, 46, 175–184. https://doi.org/10.1006/ecss.1997.0268

McDonald,	T.,	Jonson,	J.,	&	Dixon,	K.	W.	(2016).	National	standards	for	
the practice of ecological restoration in Australia. Restoration Ecology, 
24, S4–S32.

Micheli,	F.,	&	Peterson,	C.	H.	(1999).	Estuarine	vegetated	habitats	as	cor-
ridors for predator movements. Conservation Biology, 13, 869–881. 
https://doi.org/10.1046/j.1523-1739.1999.98233.x

Montagna,	P.	A.,	Estevez,	E.	D.,	Palmer,	T.	A.,	&	Flannery,	M.	S.	(2008).	
Meta-	analysis	 of	 the	 relationship	between	 salinity	 and	molluscs	 in	
tidal	river	estuaries	of	southwest	Florida,	USA.	American Malacological 
Bulletin, 24, 101–115. https://doi.org/10.4003/0740-2783-24.1.101

Mullaney,	M.	 D.	 (1991).	 Trophic ontogeny, age, growth, and ontogeny of 
the feeding apparatus in	Mycteroperca	microlepis	(Pisces: Serranidae). 
MSc,	College	of	Charleston,	Charleston,	SC.

Nagelkerken, I. (2009). Evaluation of nursery function of mangroves and 
seagrass beds for tropical decapods and reef fishes: Patterns and 

https://doi.org/10.2983/0730-8000-27.5.1163
https://doi.org/10.2983/0730-8000-27.5.1163
https://doi.org/10.1016/j.biocon.2007.12.013
https://doi.org/10.1016/j.biocon.2007.12.013
https://doi.org/10.1007/s100219900011
https://doi.org/10.1007/s100219900011
https://doi.org/10.2307/2265659
https://doi.org/10.1890/03-5136
https://doi.org/10.1017/S0376892910000032
https://doi.org/10.1017/S0376892910000032
https://doi.org/10.1016/j.jembe.2011.07.036
https://doi.org/10.1016/j.jembe.2011.07.036
https://doi.org/10.1080/15324980390229300
https://doi.org/10.1080/15324980390229300
https://doi.org/10.3354/meps12048
https://doi.org/10.3354/meps12048
https://doi.org/10.7717/peerj.1111
https://doi.org/10.1007/s00227-014-2440-8
https://doi.org/10.3354/meps10331
https://doi.org/10.3354/meps10331
https://doi.org/10.1111/ele.12293
https://doi.org/10.1073/pnas.0405150101
https://doi.org/10.1073/pnas.0405150101
https://doi.org/10.1890/11-1718.1
https://doi.org/10.1016/j.ocecoaman.2013.12.002
https://doi.org/10.1016/j.ocecoaman.2013.12.002
https://doi.org/10.1016/j.ecoleng.2013.12.001
https://doi.org/10.1016/j.ecoleng.2013.12.001
https://doi.org/10.1016/j.ocecoaman.2012.06.001
https://doi.org/10.1016/j.marpol.2011.05.009
https://doi.org/10.1007/bf02691348
https://doi.org/10.1890/0012-9615(1999)069[0251:pbcoor]2.0.co;2
https://doi.org/10.1890/0012-9615(1999)069[0251:pbcoor]2.0.co;2
https://doi.org/10.1890/11-1718.1
https://doi.org/10.2307/3061115
https://doi.org/10.2307/1353001
https://doi.org/10.1080/10641260701812574
https://doi.org/10.1126/science.1128035
https://doi.org/10.7717/peerj.1212
https://doi.org/10.7717/peerj.1212
https://doi.org/10.1038/35012251
https://doi.org/10.1006/ecss.1997.0268
https://doi.org/10.1046/j.1523-1739.1999.98233.x
https://doi.org/10.4003/0740-2783-24.1.101


946  |     GILBY et aL.

underlying mechanisms. In I. Nagelkerken (Ed.), Ecological connec-
tivity among tropical coastal ecosystems (pp. 357–399). Heidelberg, 
Germany: Springer.

Nagelkerken,	 I.,	 Sheaves,	M.,	 Baker,	 R.,	 &	Connolly,	 R.	M.	 (2015).	 The	
seascape nursery: A novel spatial approach to identify and manage 
nurseries for coastal marine fauna. Fish and Fisheries, 16, 362–371. 
https://doi.org/10.1111/faf.12057

Nevins,	J.	A.,	Pollack,	J.	B.,	&	Stunz,	G.	W.	(2014).	Characterizing	the	nek-
ton use of the largest unfished oyster reef in the United States com-
pared with adjacent estuarine habitats. Journal of Shellfish Research, 
33, 227–238. https://doi.org/10.2983/035.033.0122

Newell,	R.	I.	E.,	&	Koch,	E.	W.	(2004).	Modeling	seagrass	density	and	dis-
tribution in response to changes in turbidity stemming from bivalve 
filtration and seagrass sediment stabilization. Estuaries, 27, 793–806.

Olds,	A.	D.,	Connolly,	R.	M.,	Pitt,	K.	A.,	&	Maxwell,	P.	S.	(2012a).	Habitat	
connectivity improves reserve performance. Conservation Letters, 5, 
56–63. https://doi.org/10.1111/j.1755-263X.2011.00204.x

Olds,	A.	D.,	Connolly,	R.	M.,	Pitt,	K.	A.,	&	Maxwell,	P.	S.	(2012b).	Primacy	
of seascape connectivity effects in structuring coral reef fish as-
semblages. Marine Ecology Progress Series, 462, 191–203. https://doi.
org/10.3354/meps09849

Olds,	 A.	 D.,	 Connolly,	 R.	M.,	 Pitt,	 K.	 A.,	 Pittman,	 S.	 J.,	Maxwell,	 P.	 S.,	
Huijbers,	C.	M.,	…	Schlacher,	T.	A.	(2016).	Quantifying	the	conserva-
tion value of seascape connectivity: A global synthesis. Global Ecology 
and Biogeography, 25, 3–15. https://doi.org/10.1111/geb.12388

Olds,	A.	D.,	Nagelkerken,	 I.,	Huijbers,	C.	M.,	Gilby,	B.	L.,	Pittman,	S.	 J.,	
& Schlacher, T. A. (2018). Connectivity in coastal seascapes. In S. 
J. Pittman (Ed.), Seascape ecology (pp. 261–292). Oxford, UK: John 
Wiley	and	Sons.

Olds,	A.	D.,	Vargas-Fonseca,	E.,	Connolly,	R.	M.,	Gilby,	B.	L.,	Huijbers,	C.	
M.,	Hyndes,	G.,	…	Schlacher,	T.	A.	(2017).	The	ecology	of	fish	in	the	
surf zones of ocean beaches: A global review. Fish and Fisheries, 19, 
78–89. https://doi.org/10.1111/faf.12237

Pauly,	D.,	Alder,	J.,	Bennett,	E.,	Christensen,	V.,	Tyedmers,	P.,	&	Watson,	
R. (2003). The future for fisheries. Science, 302, 1359–1361. https://
doi.org/10.1126/science.1088667

Pauly,	D.,	Watson,	R.,	&	Alder,	J.	 (2005).	Global	 trends	 in	world	fisher-
ies: Impacts on marine ecosystems and food security. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 360, 5–12. 
https://doi.org/10.1098/rstb.2004.1574

Peterson, C. H., Grabowski, J. H., & Powers, S. P. (2003). Estimated en-
hancement of fish production resulting from restoring oyster reef 
habitat:	Quantitative	valuation.	Marine Ecology Progress Series, 264, 
249–264. https://doi.org/10.3354/meps264249

Peterson, B. J., & Heck, J. K. L. (1999). The potential for suspension feed-
ing bivalves to increase seagrass productivity. Journal of Experimental 
Marine Biology and Ecology, 240, 37–52.

Pichler,	H.	A.,	Gray,	C.	A.,	Broadhurst,	M.	K.,	Spach,	H.	L.,	&	Nagelkerken,	
I. (2017). Seasonal and environmental influences on recruitment 
patterns and habitat usage among resident and transient fishes in a 
World	Heritage	Site	subtropical	estuary.	Journal of Fish Biology, 90, 
396–416. https://doi.org/10.1111/jfb.13191

Piehler,	M.	F.,	&	Smyth,	A.	R.	(2011).	Habitat-specific	distinctions	in	es-
tuarine denitrification affect both ecosystem function and services. 
Ecosphere, 2(1), art12. https://doi.org/10.1890/ES10-00082.1

Pittman,	S.	J.,	Caldow,	C.,	Hile,	S.	D.,	&	Monaco,	M.	E.	(2007).	Using	sea-
scape types to explain the spatial patterns of fish in the mangroves 
of	 SW	 Puerto	 Rico.	Marine Ecology Progress Series, 348, 273–284. 
https://doi.org/10.3354/meps07052

Pittman, S. J., Kneib, R. T., & Simenstad, C. A. (2011). Practicing coastal 
seascape ecology. Marine Ecology Progress Series, 427, 187–190. 
https://doi.org/10.3354/meps09139

Pittman,	S.	J.,	McAlpine,	C.	A.,	&	Pittman,	K.	M.	(2004).	Linking	fish	and	
prawns to their environment: A hierarchical landscape approach. 
Marine Ecology Progress Series, 283, 233–254.

Planes, S., Jones, G. P., & Thorrold, S. R. (2009). Larval dispersal connects 
fish populations in a network of marine protected areas. Proceedings 
of the National Academy of Science, 106, 5693–5697. https://doi.
org/10.1073/pnas.0808007106

Potter,	I.	C.,	Tweedley,	J.	R.,	Elliott,	M.,	&	Whitfield,	A.	K.	(2015).	The	ways	
in which fish use estuaries: A refinement and expansion of the guild 
approach. Fish and Fisheries, 16, 230–239. https://doi.org/10.1111/
faf.12050

Powers, S. P., Peterson, C. H., Grabowski, J. H., & Lenihan, H. S. (2009). 
Success of constructed oyster reefs in no- harvest sanctuaries: 
Implications for restoration. Marine Ecology Progress Series, 389, 159–
170. https://doi.org/10.3354/meps08164

Quan,	W.-M.,	 Zhu,	 J.-X.,	Ni,	 Y.,	 Shi,	 L.-Y.,	&	Chen,	Y.-Q.	 (2009).	 Faunal	
utilization of constructed intertidal oyster (Crassostrea rivularis) reef 
in the Yangtze River estuary, China. Ecological Engineering, 35, 1466–
1475. https://doi.org/10.1016/j.ecoleng.2009.06.001

Rey	 Benayas,	 J.	 M.,	 Newton,	 A.	 C.,	 Diaz,	 A.,	 &	 Bullock,	 J.	 M.	 (2009).	
Enhancement of biodiversity and ecosystem services by ecological 
restoration: A meta- analysis. Science, 325, 1121–1124. https://doi.
org/10.1126/science.1172460

Roberts,	C.	M.,	Hawkins,	J.	P.,	Fletcher,	J.,	Hands,	S.,	Raab,	K.,	&	Ward,	
S. (2010). Guidance on the size and spacing of marine protected areas in 
England. York, UK: University of York.

Rodney,	W.	S.,	&	Paynter,	K.	T.	(2006).	Comparisons	of	macrofaunal	as-
semblages on restored and non- restored oyster reefs in mesohaline 
regions	 of	 Chesapeake	 Bay	 in	 Maryland.	 Journal of Experimental 
Marine Biology and Ecology, 335, 39–51. https://doi.org/10.1016/j.
jembe.2006.02.017

Rodriguez,	A.	B.,	Fodrie,	F.	J.,	Ridge,	J.	T.,	Lindquist,	N.	L.,	Theuerkauf,	
E.	 J.,	Coleman,	S.	E.,	…	Kenworthy,	M.	D.	 (2014).	Oyster	 reefs	 can	
outpace sea- level rise. Nature Climate Change, 4, 493–497. https://
doi.org/10.1038/nclimate2216

Rothschild,	B.	J.,	Ault,	J.	S.,	Goulletquer,	P.,	&	Heral,	M.	(1994).	Decline	
of the Chesapeake Bay oyster population: A century of habitat de-
struction and overfishing. Marine Ecology Progress Series, 111, 29–39.

Sheaves,	M.	J.,	Molony,	B.	W.,	&	Tobin,	A.	J.	(1999).	Spawning	migrations	
and local movements of a tropical sparid fish. Marine Biology, 133, 
123–128. https://doi.org/10.1007/s002270050450

Sherman, R. L., Gillian, D. S., & Spieler, R. E. (2002). Artificial reef de-
sign:	Void	space,	complexity,	and	attractants.	ICES Journal of Marine 
Science, 59, S196–S200. https://doi.org/10.1006/jmsc.2001.1163

Shin,	Y.,	Rochet,	M.,	Jennings,	S.,	Field,	J.,	&	Gislason,	H.	 (2005).	Using	
size- based indicators to evaluate the ecosystem effects of fish-
ing. ICES Journal of Marine Science, 62, 384–396. https://doi.
org/10.1016/j.icesjms.2005.01.004

Smyth,	A.	R.,	Piehler,	M.	F.,	&	Grabowski,	J.	H.	(2015).	Habitat	context	in-
fluences nitrogen removal by restored oyster reefs. Journal of Applied 
Ecology, 52, 716–725. https://doi.org/10.1111/1365-2664.12435

Solan,	 M.,	 &	Whiteley,	 N.	 (2016).	 Stressors in the marine environment: 
Physiological and ecological responses: Societal implications. Oxford, 
UK: Oxford University Press.

Soons,	M.	B.,	Messelink,	J.	H.,	Jongejans,	E.,	&	Heil,	G.	W.	(2005).	Habitat	
fragmentation reduces grassland connectivity for both short- 
distance and long- distance wind- dispersed forbs. Journal of Ecology, 
93, 1214–1225.

Steppe,	C.	N.,	Fredriksson,	D.	W.,	Wallendorf,	L.,	Nikolov,	M.,	&	Mayer,	R.	
(2016). Direct setting of Crassostrea virginica larvae in a tidal tributary: 
Applications for shellfish restoration and aquaculture. Marine Ecology 
Progress Series, 546, 97–112. https://doi.org/10.3354/meps11604

Stevens,	P.	W.,	Blewett,	D.	A.,	&	Casey,	J.	P.	(2006).	Short-	term	effects	
of a low dissolved oxygen event on estuarine fish assemblages fol-
lowing the passage of Hurricane Charley. Estuaries and Coasts, 29, 
997–1003.

Tamburri,	M.	N.,	Luckenbach,	M.	W.,	Breitburg,	D.	L.,	&	Bonniwel,	 l.	S.	
M.	 (2008).	 Settlement	 of	 Crassostrea ariakensis larvae: Effects of 

https://doi.org/10.1111/faf.12057
https://doi.org/10.2983/035.033.0122
https://doi.org/10.1111/j.1755-263X.2011.00204.x
https://doi.org/10.3354/meps09849
https://doi.org/10.3354/meps09849
https://doi.org/10.1111/geb.12388
https://doi.org/10.1111/faf.12237
https://doi.org/10.1126/science.1088667
https://doi.org/10.1126/science.1088667
https://doi.org/10.1098/rstb.2004.1574
https://doi.org/10.3354/meps264249
https://doi.org/10.1111/jfb.13191
https://doi.org/10.1890/ES10-00082.1
https://doi.org/10.3354/meps07052
https://doi.org/10.3354/meps09139
https://doi.org/10.1073/pnas.0808007106
https://doi.org/10.1073/pnas.0808007106
https://doi.org/10.1111/faf.12050
https://doi.org/10.1111/faf.12050
https://doi.org/10.3354/meps08164
https://doi.org/10.1016/j.ecoleng.2009.06.001
https://doi.org/10.1126/science.1172460
https://doi.org/10.1126/science.1172460
https://doi.org/10.1016/j.jembe.2006.02.017
https://doi.org/10.1016/j.jembe.2006.02.017
https://doi.org/10.1038/nclimate2216
https://doi.org/10.1038/nclimate2216
https://doi.org/10.1007/s002270050450
https://doi.org/10.1006/jmsc.2001.1163
https://doi.org/10.1016/j.icesjms.2005.01.004
https://doi.org/10.1016/j.icesjms.2005.01.004
https://doi.org/10.1111/1365-2664.12435
https://doi.org/10.3354/meps11604


     |  947GILBY et aL.

substrate, biofilms, sediment and adult chemical cues. Journal of 
Shellfish Research, 27, 601–608.

Tetzlaff,	 J.	 C.,	 Pine,	W.	 E.	 III,	 Allen,	M.	 S.,	 &	 Ahrens,	 R.	 N.	M.	 (2013).	
Effectiveness of size limits and bag limits for managing recreational 
fisheries:	A	case	study	of	the	Gulf	of	Mexico	recreational	gag	fish-
ery. Bulletin of Marine Science, 89, 483–502. https://doi.org/10.5343/
bms.2012.1025

Tolley,	S.	G.,	&	Volety,	A.	K.	(2005).	The	role	of	oysters	in	habitat	use	of	
oyster reefs by resident fishes and decapod crustaceans. Journal of 
Shellfish Research, 24, 1007–1012.

Turner,	R.	K.,	&	Schaafsma,	M.	(2015).	Coastal zones ecosystem services: 
From science to values and decision making. Switzerland: Springer.

Underwood, A. J. (1994). On beyond BACI – Sampling designs that might 
reliably detect environmental disturbances. Ecological Applications, 4, 
3–15. https://doi.org/10.2307/1942110

Valesini,	 F.	 J.,	 Cottingham,	 A.,	 Hallett,	 C.	 S.,	 &	 Clarke,	 K.	 R.	 (2017).	
Interdecadal changes in the community, population and individual 
levels of the fish fauna of an extensively modified estuary. Journal of 
Fish Biology, 90, 1734–1767. https://doi.org/10.1111/jfb.13263

Venturelli,	P.	A.,	Hyder,	K.,	&	Skov,	C.	(2017).	Angler	apps	as	a	source	of	recre-
ational fisheries data: Opportunities, challenges and proposed standards. 
Fish and Fisheries, 18, 578–595. https://doi.org/10.1111/faf.12189

Wall,	C.	C.,	Peterson,	B.	J.,	&	Gobler,	C.	J.	(2008).	Facilitation	of	seagrass	
Zostera	marina	productivity	by	suspension-	feeding	bivalves.	Marine 
Ecology Progress Series, 357, 165–174. https://doi.org/10.3354/
meps07289

Walles,	B.,	 Troost,	K.,	 van	den	Ende,	D.,	Nieuwhof,	 S.,	 Smaal,	A.	C.,	&	
Ysebaert,	T.	(2016).	From	artificial	structures	to	self-	sustaining	oys-
ter reefs. Journal of Sea Research, 108, 1–9. https://doi.org/10.1016/j.
seares.2015.11.007

Webley,	J.	A.	C.	(2008).	The ecology of the mud crab (Scylla serrata): Their 
colonisation of estuaries and role as scavengers in ecosystem processes. 
PhD,	Griffith	University,	Gold	Coast,	Qld.

Whitfield,	A.	K.	(2017).	The	role	of	seagrass	meadows,	mangrove	forests,	
salt marshes and reed beds as nursery areas and food sources for 
fishes in estuaries. Reviews in Fish Biology and Fisheries, 27, 75–110. 
https://doi.org/10.1007/s11160-016-9454-x

Wiens,	 J.	 A.,	 &	Hobbs,	 R.	 J.	 (2015).	 Integrating	 conservation	 and	 res-
toration in a changing world. BioScience, 65, 302–312. https://doi.
org/10.1093/biosci/biu235

Wilson,	J.	C.,	&	Elliott,	M.	(2009).	The	potential	for	habitat	creation	pro-
duced by offshore wind farms. Wind Energy, 12, 203–212. https://doi.
org/10.1002/we.324

Wolanski,	E.,	&	Elliott,	M.	(2015).	Estuarine ecohydrology: An introduction. 
Amsterdam, the Netherlands: Elsevier.

Wootton,	 R.	 J.	 (1992).	 Fish ecology. Amsterdam, the Netherlands: 
Springer.

zu Ermgassen, P. S. E., Grabowski, J. H., Gair, J. R., & Powers, S. P. 
(2016).	Quantifying	fish	and	mobile	invertebrate	production	from	a	
threatened nursery habitat. Journal of Applied Ecology, 53, 596–606. 
https://doi.org/10.1111/1365-2664.12576

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article. 

How to cite this article: Gilby BL, Olds AD, Peterson CH, et al. 
Maximizing	the	benefits	of	oyster	reef	restoration	for	finfish	
and their fisheries. Fish Fish. 2018;19:931–947.  
https://doi.org/10.1111/faf.12301

https://doi.org/10.5343/bms.2012.1025
https://doi.org/10.5343/bms.2012.1025
https://doi.org/10.2307/1942110
https://doi.org/10.1111/jfb.13263
https://doi.org/10.1111/faf.12189
https://doi.org/10.3354/meps07289
https://doi.org/10.3354/meps07289
https://doi.org/10.1016/j.seares.2015.11.007
https://doi.org/10.1016/j.seares.2015.11.007
https://doi.org/10.1007/s11160-016-9454-x
https://doi.org/10.1093/biosci/biu235
https://doi.org/10.1093/biosci/biu235
https://doi.org/10.1002/we.324
https://doi.org/10.1002/we.324
https://doi.org/10.1111/1365-2664.12576
https://doi.org/10.1111/faf.12301

