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Abstract
Global declines of foundation species have reduced ecological function at pop-
ulation, community, and ecosystem levels. Restoration of foundation species
promises to counter such losses, despite unknown recovery timelines, undefined
benchmarks, and uncertainty about whether restored ecosystems approximate
natural ones. Here, we demonstrate through a 15-year large-scale experiment in
coastal Virginia, USA, that restored oyster reefs can quickly recovermultiple eco-
logical functions andmatch natural reefs. Specifically, abundances of oysters and
a key crab mesopredator on restored reefs equaled reference reefs in approxi-
mately 6 years, indicating that restoration can initiate rapid, sustained recovery
of foundation species and associated consumers. As reefs matured and accrued
biomass, they became more temporally stable, suggesting that restoration can
increase resilience and may stabilize those ecosystem processes that scale with
foundation species biomass. Together, these results demonstrate that restoration
can catalyze rapid recovery of imperiled coastal foundation species, reclaim lost
community interactions, and help reverse decades of degradation.
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1 INTRODUCTION

Loss of foundation species and their associated ecologi-
cal functions epitomizes environmental degradation in the
Anthropocene (Ellison et al., 2005). Aswe enter theUnited
Nations Decade on Ecosystem Restoration (2021−2030),
restoration promises to hasten the recovery of many van-
ishing ecosystems (Cooke et al., 2019). However, assess-
ment of restoration outcomes is limited by unknown
recovery timelines, undefined performance metrics, and
uncertainty about whether restored systems can approxi-
mate natural ones (Suding, 2011; Cooke et al., 2019).
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These challenges are particularly acute when restor-
ing coastal foundation species, such as oysters. Oysters
historically provided the foundation of many temperate
coastlines worldwide, and valuable ecosystem services,
including fisheries production and water filtration, scale
with oyster biomass (Grabowski et al., 2012; zu Ermgassen
et al., 2012, 2015). However, overfishing and disease
caused catastrophic oyster declines and associated losses
of ecosystem services (Kirby, 2004). To reverse oys-
ter declines and recover lost ecosystem services, oys-
ter restoration projects have increased exponentially
since 1990 (Duarte et al., 2020) as governments and
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nonprofits have widely funded restoration projects (e.g.,
US RESTORE Act: $133.3 M; Gulf Coast Ecosystem
Restoration Council, 2019; America Recovery and Rein-
vestment Act of 2009: $167 M; Samone et al., 2017; Aus-
tralia’s Reef Builder project: $20 M; The Nature Conser-
vancy Australia, 2020).
Despite these investments, oyster restoration has mixed

evidence of success (Smith et al., 2005; Powers et al.,
2009; Schulte et al., 2009; Kennedy et al., 2011; Geraldi
et al., 2013), and evaluation of restoration outcomes is hin-
dered by undefined goals and success criteria, insufficient
replication, and short monitoring timelines (Kennedy
et al., 2011). Few studies simultaneously measure compa-
rable reference sites, especially over the sustained dura-
tions (>10 years) required to establish baselines and evalu-
ate continued restoration success (Suding, 2011). Indeed,
current oyster restoration monitoring recommendations
are based on short-term studies that compare restored and
natural reefs (usually 2 years or less; not exceeding 6 years),
but do not capture long-term restoration outcomes (Dil-
lon et al., 2015; Bayraktarov et al., 2016; Walles et al., 2016;
Rezek et al., 2017). Therefore, it is unclearwhether restored
reefs can approximate the functions of natural reefs and
how much time is needed for recovery.
Here, we help address these gaps with a distinctively

long-term (15 years), large-scale (70 reefs) experiment
to assess the extent to which restored reefs can match
some of the ecological functions of natural reefs and
determine how quickly managers can anticipate recov-
ery of these functions following restoration. Ecological
functions include population, community, and ecosystem
processes (Akçakaya et al., 2019). At a population level,
high-biomass oyster reefs produce shell that facilitates
recruitment and sustains population growth (Lenihan,
1999). At the community level, reefs provide habitat and
food for nekton species (La Peyre et al., 2019). Lastly, oys-
ters and other foundation species can buffer temporal vari-
ability of ecosystem-level processes by stabilizing local abi-
otic conditions (Ellison et al., 2005; Lamy et al., 2020).
Our study demonstrates that restoration initiates rapid and
sustained recovery of oyster biomass, mesopredator abun-
dance, and ecosystem stability over time. These results
demonstrate one of the fastest recovery timelines for a
restored coastal foundation species and support the con-
tinued and expanded use of restoration to recover lost eco-
logical functions.

2 METHODS

2.1 Study system

We focused our investigation on intertidal reefs formed
by the Eastern oyster Crassostrea virginica, which is com-

monly targeted for restoration along the US Gulf and
Atlantic coasts (1768 projects, 5199 ha restored, $299,999/ha
on average) (Bersoza Hernández et al., 2018; Duarte et al.,
2020). Our experimentwas located along theAtlantic coast
of the Eastern Shore of Virginia, USA, in the Virginia Coast
Reserve (VCR; Figure 1a; Fig. S1), where severe overhar-
vesting and disease decimated reefs in the 1900s, mirror-
ing declines in the nearby Chesapeake Bay (Schulte, 2017).
Despite these losses, some remnant reefs naturally recov-
ered in the early 2000s to develop the pronounced vertical
structure andmultiple oyster size classes that represent the
desired endpoint of restoration efforts (Figure 1). Choosing
references to serve as restoration targets is challenging in
degraded systems where population baselines have shifted
and historical population levels may be unattainable (Sud-
ing, 2011). Although these natural reefs cover only a mar-
gin of their historic extent and biomass, they represent
the upper end of oyster densities measured in the United
States since the collapse of wild commercial oyster fish-
eries (∼1600−2200 oysters perm2; Luckenbach et al., 2005;
Milbrandt et al., 2015; Blomberg et al., 2018), suggesting
that these natural reefs are suitable references for a histor-
ically degraded system. Nearly every year since 2003, The
Nature Conservancy and Virginia Marine Resource Com-
mission have constructed intertidal oyster reefs in the VCR
to create 54 restored reefs at 16 sites (Figure 1 and Table S1;
0.02–1.06 ha). At eight of these sites, 35 restored reefs are
colocatedwith a natural reference reef present within 2 km
(Figure 1 and Table S1; 0.004–0.84 ha).

2.2 Data collection and restoration
performance metrics

To assess the performance of restored oyster reefs relative
to reference reefs, and determine recovery timelines, we
quantified multiple ecological functions: density, biomass,
and shell height of live adult oysters; density of mud crab
mesopredators; and temporal stability of oyster biomass.
We sampled reefs from 2005 to 2019, sampling within their
first 3 years of construction, and then opportunistically
sampling each reef every 3−4 years afterward (mean no. of
sampling events± SD: 5.6± 2.8,n= 1–12; Tables S2 and S3).
Sampling frequency of each reef varied by year and season
(Tables S2 and S3).
During each sampling event, we collected 0.0625 m2

quadrat excavations (15−30 cm) from each reef (mean no.
of quadrats per reef ± SD: 3.21 ± 0.96, n = 1−8; Tables S2
and S3). In 2005−2006, we used a 0.25 m2 quadrat, and
we subsequently converted all data to units per m2. We
deconstructed each excavation and counted all live oys-
ters and measured shell height (mm). We estimated oyster
biomass by developing a height-biomass relationship for
live oysters (Figure S2, Biomass = 1.76 × 10−5 ×Height2.41).
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F IGURE 1 Study system and experimental design. (a) We measured reef attributes for 15 years (2005−2019) at 70 restored and reference
reefs at 16 sites in coastal Virginia, USA. Triangles mark sites containing paired restored reefs (n = 35) and reference reefs (n = 11). Circles
represent unpaired sites containing either restored or reference reefs. Paired sites encompass at least one restored reef (red in inset) and an
associated reference reef (blue in inset). (b–g) Examples of a paired restored reef (HC6) and its associated reference reef (HC2_R; Table S1)
over the study period from 2009 to 2020 show that the reference reef maintained vertical structure and multiple oyster age classes over time,
as oyster populations on the restored reef increased from 1 to 12 years post construction. Photos: B. Lusk

We categorized oysters>25 mm as adult and excluded spat
oysters with lengths≤25mmdue to variability in sampling
season.
As one indicator of community effects of restoration, in

each quadrat we counted Xanthid mud crabs, which are
fast-growing, ubiquitous mesopredators that prey on oys-
ters, shelter from predators in reef interstices, and com-
prise an important trophic link to higher order consumers
(White & Wilson, 1996; Grabowski et al., 2020).
Lastly, we calculated the temporal stability of adult oys-

ter biomass and examined how it changed with restored
reef maturity (see Section 2.3).

2.3 Data analysis

To examine how adult oyster attributes (abundance,
biomass, size) and crab abundance on restored reefs and
reference reefs varied with years since construction, we
subset the data to include only restored reefs with paired
reference reefs as described above. We further subset the
data to only include sampling events where we sampled

the restored reef within the same seasonal recruitment
period as its paired reference reef for that year (one recruit-
ment season per year, May to September). We then aver-
aged adult oyster and crab attributes across quadrats for
each reef and sampling event in the subset dataset. For
each variable, we calculated the difference between paired
restored and reference reefs.We calculated years since con-
struction for each sampling event based on the number
of recruitment seasons that each reef experienced at the
time of sampling. We adjusted “years since construction”
to account for the sampling date relative to whether a reef
was constructed in the fall after the recruitment season
(n = 11), or during the spring or summer (n = 43), when
reefs were available to oyster recruits. Examining the dif-
ference between restored and reference reefs as a func-
tion of year since construction accounted for the fact that
restored reefs were constructed during different years.
We used linear mixed models (LMMs) to relate differ-

ences in adult oyster abundance, adult oyster biomass, and
mud crab abundance to years since construction (with site
as a random intercept for all models to account for non-
independence among reefs by site) (Zuur et al., 2009). We
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related differences in oyster size to years since construc-
tion using generalized additive mixed models (GAMMs)
because residuals from linear models indicated nonlin-
earity (Zuur et al., 2009). We examined the relationship
between adult oyster and crab abundance using zero-
inflated negative binomial generalized LMMs (GLMMs;
with quadrats nested in reef identity as a random intercept;
Zuur et al., 2009). Sample autocorrelation function analy-
sis and semivariograms showed no evidence of temporal or
spatial autocorrelation (Zuur et al., 2009).
To examine how adult oyster biomass affects tem-

poral stability of adult oyster biomass, we calculated
temporal stability as the inverse of the coefficient of
variation (1/CV) in oyster biomass across all sampling
dates for eachmonitored reef sampled three or more times
(n = 63 reefs, including restored reefs without paired ref-
erences and vice versa) (Ives & Carpenter, 2007). We aver-
aged across quadrats for each sampling event prior to cal-
culating stability. We used ordinary least squares regres-
sion to explain temporal stability as a function ofmean oys-
ter biomass.
To assess how temporal stability of adult oyster biomass

varied between reference reefs and restored reefs of differ-
ent maturities, we grouped the time series of each restored
reef into two parts to represent developing reefs (0−6 years
since construction) and mature reefs (7−15 years since
construction). We chose this breakpoint based on when
restored reefs approximate the measured population and
community attributes of reference reefs (∼ 6 years; see Sec-
tion 3). We calculated stability as described above for time
series with three or more sampling events. To examine the
sensitivity of our results to the duration over which we
calculated stability, we repeated our analyses using sites
sampled over timespans of 3–7 years (Figure S5). We used
analysis of variance to quantify the effect of reef type (ref-
erence reef, developing restored reef, mature restored reef)
on temporal stability and compared pairwise differences in
temporal stability among reef types using Tukey’s post hoc
tests (details in Supplementary Material).

3 RESULTS

Although adult oyster abundance and biomass on restored
reefs initially underperformed reference reefs, these
attributes increased over time on restored reefs relative
to reference reefs by 160.4 oysters/m2/year (Figure 2a;
F1,90 = 45.3, p< 0.001, R2 = 0.63; Figure S3a) and 43.1 g ash
free dry mass (AFDM)/m2/year (Figure 2b; F1,90 = 32.4,
p < 0.001, R2 = 0.43; Figure S3b), respectively. Restored
reefs matched reference reefs in oyster abundance after
6.0 years (95% confidence interval = 3.1−9.3 years) and
matched oyster biomass after 5.7 years (3.6−8.3 years).

For the remainder of the study, restored reefs equaled
or slightly exceeded oyster abundance and biomass on
reference reefs. Oyster size matched reference reefs more
quickly, increasing sharply over the first 3 years and then
saturating (Figure 2c; F5 = 18.5, p < 0.001, R2 = 0.57;
Appendix 2: Figure S3c), as anticipated from prior esti-
mates of individual oyster growth rates (Southworth
et al., 2010). After 2.5 years (2.0−3.0 years), there was
no difference in the shell height of adult oysters on
paired restored and reference reefs; oyster size remained
equivalent between restored and reference reefs as reefs
aged. Size frequency distributions on restored reefs also
approximated reference reefs within 3 years (Figure S4).
Abundances of Xanthidmud crabs on restored reefsmir-

rored trends in oyster abundance and biomass, increas-
ing with years since construction by 16.2 crabs/m2/year
to match or exceed reference reefs after 6.2 years (4.6−8.2
years) (Figure 3a; F1,90 = 47.4, p < 0.001, R2 = 0.45; Figure
S3d). Moreover, crab abundance was positively correlated
with adult oyster abundance across both restored and ref-
erence reefs (Figure 3b; 𝜒2

1
= 127.1, p < 0.001, R2 = 0.30).

Increases in adult oyster biomass enhanced the tempo-
ral stability of adult oyster biomass (Figure 4a; F1,61 = 9.4,
p = 0.003, R2 = 0.13). Although we found large variation
in oyster reef temporal stability, reefs with the greatest
biomass (527.5 g AFDW/m2) were on average nearly three
times more temporally stable than those with the low-
est biomass (8.4 g AFDW/m2) over the study’s duration;
this trend was robust to outliers and the minimum dura-
tion for which we calculated temporal stability (3−7 years;
p < 0.05; R2 = 0.13−0.22; Figure S5). Furthermore, mature
restored reefs (7−15 years postconstruction) approximated
the temporal stability of reference reefs, whereas devel-
oping reefs (0−6 years postconstruction) were on average
30% less temporally stable than reference reefs (Figure 4b;
F2,70 = 7.1, p = 0.002).

4 DISCUSSION

Restoration initiated rapid and sustained oyster reef recov-
ery. Adult oyster abundance and biomass on restored
reefs matched populations on natural reference reefs
within 6 years. Furthermore, the presence of both spat
(<25 mm height) and market-size adults (>75 mm height)
on restored reefs within 3 years indicates that restored
reefs rapidly attracted oyster recruits and produced brood-
stock (Baggett et al., 2015). Development of multiple oys-
ter size classes at high densities indicates that restored
reefs met common criteria for restoration success (Pow-
ers et al., 2009; Schulte et al., 2009; La Peyre et al., 2014).
In our region, most restored-reference pairs were closed
to harvest (Table S1), which may have helped promote
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(a) (b) (c)

F IGURE 2 Changes in adult oyster abundance, biomass, and size with time since construction. Restored reefs matched reference reefs
for adult oyster (a) abundance (no./m2), (b) biomass (g ash free dry mass/m2), and (c) shell height (mm) as years since construction increased.
The horizontal dashed line at zero indicates equivalent performance between paired restored and reference reefs. Positive values indicate
overperformance and negative values indicate underperformance of restored reefs relative to paired reference reefs. Reefs reached equivalency
after approximately 6.0 years for abundance, 5.7 years for biomass, and 2.5 years for shell height (indicated by arrows, where the marginal
mean trend line intersects zero). Points and error bars indicate mean ± standard error of paired differences. Lines represent the estimated
marginal mean trends (p < 0.001) and shading indicates 95% confidence intervals for the model fixed effects. Illustration: T.L. Rogers

F IGURE 3 Changes in mud crab abundance with time since construction and as a function of adult oyster abundance. Restored reefs
matched reference reefs for (a) mud crab abundance (no./m2) at 6.2 years postconstruction. Arrows, points, lines, and shading as in Figure 2.
(b) Mud crab abundance (no./m2) was positively associated with adult oyster abundance (no./m2) across restored and reference reef pairs. In
panel b, points represent the mean abundances ± standard error of each reef sampling event. Illustration: T.L. Rogers

oyster recovery (Powers et al., 2009; Schulte et al., 2009).
Moreover, deploying hard substrate (shell cultch) was suf-
ficient to support recruitment from existing larval sources.
In contrast, in recruitment-limited systems, oyster recov-
ery will likely be slower without transplanting broodstock
(Fitzsimons et al., 2019).
Abundances of mud crabs—the most common meso-

predator in our system—on restored reefs matched
reference reefs within 6 years, mirroring the recovery
timelines for adult oyster density and biomass. Crabs col-

onized restored reefs as adult oyster abundance increased,
probably because restored reefs rapidly provided habitat
and food (White & Wilson, 1996; Grabowski et al., 2020).
Indeed, mud crab abundance was positively correlated
with adult oyster abundance, highlighting the link
between oyster density and mesopredator production.
Although we did not directly measure other fisheries
species, previously documented trophic cascades reveal
that mud crabs are consumed by other ecologically and
commercially important nekton species that feed on
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(a) (b)

F IGURE 4 Effects of restoration on the temporal stability of adult oyster biomass. (a) The temporal stability of adult oyster biomass
(1/CV = μ/σ) increased with mean adult oyster biomass (g AFDM per m2) on restored and reference reefs monitored three or more times
during the study (n = 56 reefs). Line and shading as in Figure 2. (b) Mean temporal stability on restored reefs was lower than reference reefs
during development (0−6 years, n = 47 reefs), but mature restored reefs (7−15 years, n = 11 reefs) matched the stability of reference reefs
(n = 15 reefs). Error bars indicate standard error. Letters indicate significant differences among groups in post hoc analysis (p < 0.05)

oyster reefs (White & Wilson, 1996; Grabowski et al.,
2020). Furthermore, higher trophic species that do not
directly consume mud crabs have been previously shown
to increase with oyster biomass (zu Ermgassen et al.,
2015; La Peyre et al., 2019). Our finding that mud crab
populations rapidly rebounded in tandem with oyster
populations suggests that restoring oysters could quickly
recover such community interactions, although reef-
associated species that are slower to colonize or grow will
likely require longer recovery trajectories.
Increases in adult oyster biomass enhanced the tem-

poral stability of adult oyster biomass, which could indi-
cate stability of other reef ecosystem functions, as pro-
cesses such as water filtration or fisheries production scale
with oyster biomass (Grabowski et al., 2012; zu Ermgassen
et al., 2012, 2015). Increased stability of foundation species
biomass can also improve ecosystem recovery from distur-
bance (Ives & Carpenter, 2007; Lamy et al., 2020). Together
with our finding that adult oyster biomass builds quickly
on restored reefs (Figure 2b), the fact that enhanced tempo-
ral stability increased with adult oyster biomass could sug-
gest that restoration can increase overall ecosystem stabil-
ity and enhance resilience. Indeed, mature restored reefs
approximated the temporal stability of reference reefs, in
contrast to developing restored reefs, which were less sta-
ble than reference reefs. The temporal stability of restored
populations is not yet widely used to evaluate restoration
success, but our results suggest that it could be a valuable
metric for restoration practitioners.

Overall, our results show that restored reefs can match
multiple ecological functions of reference reefs within a
decade. Relative to other coastal foundation species, the
recovery timeline that we identify for oysters is simi-
lar to kelps and fast-growing seagrasses (<10 years), but
rapid relative to slow-growing seagrasses (10–30 years), salt
marshes (5−20 years), mangroves (10−20 years), and reef-
building corals (>30 years) (Alongi, 2008; Borja et al., 2010;
Roman & Burdick, 2012; Duarte et al., 2020). Together,
these results add to growing evidence that marine systems
typically regain ecological functions more quickly than
aquatic or terrestrial systems, which can take 20−60 years
to recover from disturbance (Jones & Schmitz, 2009). Our
findings build on previous shorter-term studies of restored
reef development (1- to 6-year duration) to increase confi-
dence that the observed trends in recovery are sustained,
and not due to natural variability or transient dynamics
(Dillon et al., 2015; Walles et al., 2016; Rezek et al., 2017).
Thus, our study supports the continued and expanded use
of oyster restoration projects to promote long-term recov-
ery of oyster reefs and their valuable ecological functions.
Importantly, our results indicate the general time frame

in which managers can anticipate oyster restoration suc-
cess (6–10 years). However, the median duration of oys-
ter restoration projects is only 2 years (Bayraktarov et al.,
2016), and our work highlights the need to extend mon-
itoring timelines beyond currently recommended short-
term (1−2 years) and mid-term (4−6 years) measurements
(Baggett et al., 2015) to effectively evaluate restoration
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outcomes. Indeed, if we hadmonitored populations for less
than 6 years—as in most studies of oyster recovery—we
would have failed to detect restored reef recovery relative
to natural reefs. Sustained long-term monitoring is essen-
tial to separate directional trends from temporal variability,
describe the rate and shape of recovery trajectories, and
forecast restoration success (Suding, 2011). Thus, scien-
tists and practitioners should consider trade-offs between
duration and frequency when allocating limited resources
for monitoring programs. Clarifying the expected recov-
ery timeline for oyster restoration can improve the tim-
ing of restoration goal setting and inform when managers
can reliablymeasure restoration progress, plan fundraising
efforts, or implement adaptive management.
Providing longer-term estimates of oyster recovery can

improve accuracy in valuating ecosystem services. Esti-
mating the value of ecosystem services and the associated
return on investment with restoration is based largely on
short-term studies (Grabowski et al., 2012). Yet, we find
that—for the ecological functionswemeasured—there is a
6-year lag before restored reefs approximate natural reefs.
Such lags in functionality should be incorporated into val-
uation of ecosystem services associated with restoration
projects. These results also highlight that the benefits of
oyster restoration may not be fully realized when projects
aremonitored on short-termormid-term time frames. Fur-
thermore, oyster restoration can enhance additional eco-
logical functions not measured in our study, including bio-
diversity (Dillon et al., 2015; Rezek et al., 2017), biogeo-
chemical cycling (Kellogg et al., 2013), and shoreline pro-
tection (La Peyre et al., 2015), although we are currently
more data-limited about how closely these functions scale
with oyster biomass. The relative recovery timelines for
these distinct ecological functions are not well resolved
and warrant future comparison, especially given known
divergence in recovery timelines for different ecosystem
functions in other restored systems (Roman & Burdick,
2012).
In conclusion, our work demonstrates that restora-

tion of foundation species can catalyze rapid recovery of
degraded foundation species and their associated fauna,
while increasing the temporal stability of ecosystems.
Restored systems rarely show complete recovery of eco-
logical functions (Benayas et al., 2009; Suding, 2011; Jones
et al., 2018), and widespread degradation of natural sys-
tems means that we must compare restored systems to
reference populations whose baseline levels have already
shifted relative to historic levels. Despite these challenges,
we found that restored oyster reefs matchedmultiple func-
tions of natural oyster reefs at a rapid pace relative to other
restored ecosystems (Kirby, 2004; Borja et al., 2010; Jones
et al., 2018). Yet, the capacity to detect this pattern and
refine recovery timelines was only possible with sustained

measurements at both restored and reference sites, under-
scoring the necessity of funding long-term studies (>10
years) of restoration outcomes that include appropriate
controls.

ACKNOWLEDGMENTS AND DATA
We thank B. Collins for assistance with data collection; A.
Button for data consultation; and A. Brown, S. Cheng, S.
Hardison, K.J. McGlathery, M.L. Pace, and K.N. Tedford
for providing paper feedback. All data will be permanently
archived in the Environmental Data Initiative Data Portal
prior to publication and there are no restrictions on data
availability.

FUNDING STATEMENT
R.S. was funded by the University of Virginia and The
Nature Conservancy through a NatureNet Science Fellow-
ship. This research was funded in part by the US National
Science Foundation (NSF) through support of the Vir-
giniaCoast Reserve LongTermEcological Research project
(NSF-DEB award 1832221).

REFERENCES
Akçakaya, H. R., Rodrigues, A. S. L., Keith, D. A., Milner Gulland, E.
J., Sanderson, E. W., Hedges, S., Mallon, D. P., Grace, M. K., Long,
B., Meijaard, E., & Stephenson, P. J. (2019). Assessing ecological
function in the context of species recovery. Conservation Biology,
34, 561–571.

Alongi, D. M. (2008). Mangrove forests: Resilience, protection from
tsunamis, and responses to global climate change. Estuarine,
Coastal and Shelf Science, 76, 1–13.

Baggett, L. P., Powers, S. P., Brumbaugh,R.D., Coen, L.D., DeAngelis,
B. M., Greene, J. K., Hancock, B. T., Morlock, S. M., Allen, B.
L., Breitburg, D. L., Bushek, D., Grabowski, J. H., Grizzle, R. E.,
Grosholz, E. D., La Peyre, M. K., Luckenbach, M. W., McGraw, K.
A., Piehler, M. F., Westby, S. R., & zu Ermgassen, P. S. E. (2015).
Guidelines for evaluating performance of oyster habitat restora-
tion. Restoration Ecology, 23, 737–745.

Bayraktarov, E., Saunders, M. I., Abdullah, S., Mills, M., Beher, J.,
Possingham, H. P., Mumby, P. J., & Lovelock, C. E. (2016). The
cost and feasibility of marine coastal restoration. Ecological Appli-
cations, 26, 1055–1074.

Benayas, J. M. R., 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.

Bersoza Hernández, A., Brumbaugh, R. D., Frederick, P., Grizzle, R.,
Luckenbach, M. W., Peterson, C. H., & Angelini, C. (2018). Restor-
ing the eastern oyster: How much progress has been made in 53
years? Frontiers in Ecology and the Environment, 16, 463–471.

Blomberg, B.N., Palmer, T. A.,Montagna, P. A., & Pollack, J. B. (2018).
Habitat assessment of a restored oyster reef in South Texas.Ecolog-
ical Engineering, 122, 48–61.

Borja, Á., Dauer, D. M., Elliott, M., & Simenstad, C. (2010). Medium-
and long-term recovery of estuarine and coastal ecosystems: Pat-
terns, rates and restoration effectiveness. Estuaries and Coasts, 33,
1249–1260.



8 of 9 SMITH et al.

Cooke, S. J., Bennett, J. R., & Jones, H. P. (2019).We have a longway to
go if we want to realize the promise of the “Decade on Ecosystem
Restoration.” Conservation Science and Practice, 1, 1–5.

Dillon, K. S., Peterson, M. S., & May, C. A. (2015). Functional equiva-
lence of constructed and natural intertidal eastern oyster reef habi-
tats in a northern Gulf of Mexico estuary.Marine Ecology Progress
Series, 528, 187–203.

Duarte, C. M., Agusti, S., Barbier, E., Britten, G. L., Castilla, J.
C., Gattuso, J.-P., Fulweiler, R. W., Hughes, T. P., Knowlton, N.,
Lovelock, C. E., Lotze, H. K., Predragovic, M., Poloczanska, E.,
Roberts, C., & Worm, B. (2020). Rebuilding marine life. Nature,
580, 39–51.

Ellison, A. M., Bank, M. S., Clinton, B. D., Colburn, E. A., Elliott, K.,
Ford, C. R., Foster, D. R., Kloeppel, B. D., Knoepp, J. D., Lovett,
G. M., Mohan, J., Orwig, D. A., Rodenhouse, N. L., Sobczak, W.
V., Stinson, K. A., Stone, J. K., Swan, C. M., Thompson, J., Von
Holle, B., &Webster, J. R. (2005). Loss of foundation species: Con-
sequences for the structure and dynamics of forested ecosystems.
Frontiers in Ecology and the Environment, 3, 479–486.

zu Ermgassen, P. S. E., Grabowski, J. H., Gair, J. R., & Powers, S. P.
(2015). Quantifying fish and mobile invertebrate production from
a threatened nursery habitat. Journal of Applied Ecology, 53, 596–
606.

zu Ermgassen, P. S. E., Spalding, M. D., Grizzle, R. E., & Brumbaugh,
R. D. (2012). Quantifying the loss of a marine ecosystem service:
Filtration by the Eastern Oyster in US estuaries. Estuaries and
Coasts, 36, 36–43.

Fitzsimons, J., Branigan, S., Brumbaugh, R. D., McDonald, T., & zu
Ermgassen, P. S. E. (2019). Restoration guidelines for shellfish reefs.
Arlington, VA, USA: The Nature Conservancy.

Geraldi, N. R., Simpson, M., Fegley, S. R., Holmlund, P., & Peterson,
C. H. (2013). Addition of juvenile oysters fails to enhance oys-
ter reef development in Pamlico Sound. Marine Ecology Progress
Series, 480, 119–129.

Grabowski, J. H., Brumbaugh, R. D., Conrad, R. F., Keeler, A. G.,
Opaluch, J. J., Peterson, C. H., Piehler, M. F., Powers, S. P., &
Smyth,A. R. (2012). Economic valuation of ecosystem services pro-
vided by oyster reefs. Bioscience, 62, 900–909.

Grabowski, J. H., Gouhier, T. C., Byers, J. E., Dodd, L. F., Hughes, A.
R., Piehler, M. F., & Kimbro, D. L. (2020). Regional environmen-
tal variation and local species interactions influence biogeographic
structure on oyster reefs. Ecology, 101, 438–410.

Gulf Coast Ecosystem Restoration Council. (2019). RESTORETHEG-
ULF.GOV [WWWDocument]. URL https://restorethegulf.gov/

Ives, A. R., & Carpenter, S. R. (2007). Stability and diversity of ecosys-
tems. Science, 317, 58–62.

Jones,H. P., Jones, P. C., Barbier, E. B., Blackburn, R. C., Rey Benayas,
J. M., Holl, K. D., McCrackin, M., Meli, P., Montoya, D., &Mateos,
D. M. (2018). Restoration and repair of Earth’s damaged ecosys-
tems. Proceedings of the Royal Society B: Biological Sciences, 285,
20172577–48.

Jones, H. P., & Schmitz, O. J. (2009). Rapid recovery of damaged
ecosystems. PLoS One, 4, e5653–e5656.

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.

Kennedy, V. S., Breitburg, D. L., Christman, M. C., Luckenbach, M.
W., Paynter, K., Kramer, J., Sellner, K. G., Dew-Baxter, J., Keller,
C., & Mann, R. (2011). Lessons learned from efforts to restore

oyster populations in Maryland and Virginia, 1990 to 2007. Jour-
nal of Shellfish Research, 30, 719–731.

Kirby, M. X. (2004). Fishing down the coast: Historical expan-
sion and collapse of oyster fisheries along continental mar-
gins. Proceedings of the National Academy of Sciences, 101,
13096–13099.

La Peyre, M. K., Aguilar Marshall, D., Miller, L. S., & Humphries,
A. T. (2019). Oyster reefs in Northern Gulf of Mexico estuaries
harbor diverse fish and decapod crustacean assemblages: A meta-
synthesis. Frontiers in Marine Science, 6, 106267–106213.

La Peyre, M. K., Furlong, J., Brown, L. A., Piazza, B. P., & Brown,
K. (2014). Oyster reef restoration in the northern Gulf of Mexico:
Extent, methods, and outcomes. Ocean & Coastal Management,
89, 20–28.

La Peyre, M. K., Serra, K., Joyner, T. A., & Humphries, A. (2015).
Assessing shoreline exposure and oyster habitat suitability maxi-
mizes potential success for sustainable shoreline protection using
restored oyster reefs. PeerJ, 3, e1317–e1317.

Lamy, T., Koenigs, C., Holbrook, S. J., Miller, R. J., Stier, A. C., &
Reed, D. C. (2020). Foundation species promote community sta-
bility by increasing diversity in a giant kelp forest. Ecology, 101,
201–211.

Lenihan, H. S. (1999). Physical-biological coupling on oyster reefs:
How habitat structure influences individual performance. Ecolog-
ical Monographs, 69, 251–275.

Luckenbach, M. W., Coen, L. D., Ross, P., & Stephen, J. (2005). Oys-
ter reef habitat restoration: Relationships between oyster abun-
dance and community development based on two studies in
Virginia and South Carolina. Journal of Coastal Research, 40,
64–78.

Milbrandt, E. C., Thompson, M., Coen, L. D., Grizzle, R. E., &
Ward, K. (2015). A multiple habitat restoration strategy in a semi-
enclosed Florida embayment, combining hydrologic restoration,
mangrove propagule plantings and oyster substrate additions.Eco-
logical Engineering, 83, 394–404.

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

Rezek, R. J., Lebreton, B., Roark, E. B., Palmer, T. A., & Pollack, J.
B. (2017). How does a restored oyster reef develop? An assessment
based on stable isotopes and community metrics.Marine Biology,
164, 32–17.

Roman, C. T., & Burdick, D.M. (eds.). (2012).Tidalmarsh restoration:
A synthesis of sciences and management. Washington, DC: Island
Press/Center for Resource Economics.

Samone, G., Edwards, P. E. T., Royster, J. J. E., Ramenzoni, V., &
Morlock, S.M. (2017). Socioeconomic benefits of habitat restoration.
NOAA Technical Memorandum No. NMFS-OHC-1.

Schulte, D. M. (2017). History of the Virginia oyster fishery, Chesa-
peake Bay, USA. Frontiers in Marine Science, 4, 44–19.

Schulte, D. M., Burke, R. P., & Lipcius, R. N. (2009). Unprecedented
restoration of a native oyster metapopulation. Science, 325, 1124–
1128.

Smith, G. F., Bruce, D. G., Roach, E. B., Hansen, A., Newell, R. I. E., &
McManus, A. M. (2005). Assessment of recent habitat conditions
of Eastern Oyster Crassostrea virginica bars in mesohaline Chesa-
peake Bay. North American Journal of Fisheries Management, 25,
1569–1590.

https://restorethegulf.gov/


SMITH et al. 9 of 9

Southworth, M., Harding, J. M., Wesson, J. A., & Mann, R. (2010).
Oyster (Crassostrea virginica, Gmelin 1791) population dynamics
on public reefs in the Great Wicomico River, Virginia, USA. Jour-
nal of Shellfish Research, 29, 271–290.

Suding, K. N. (2011). Toward an era of restoration in ecology: Suc-
cesses, failures, and opportunities ahead. Annual Review of Ecol-
ogy, Evolution, and Systematics, 42, 465–487.

The Nature Conservancy Australia. (2020). Reef Builder helps
coastal communities recover [WWW Document]. URL https:
//www.natureaustralia.org.au/what-we-do/our-priorities/oce
ans/ocean-stories/reefbuilder/

Walles, B., Troost, K., van den Ende, D., Nieuwhof, S., Smaal, A. C.,
& Ysebaert, T. (2016). From artificial structures to self-sustaining
oyster reefs. Journal of Sea Research, 108, 1–9.

White, M. E., & Wilson, E. A. (1996). Predators, pests, and competi-
tors. In: V. S. Kennedy, R. I. E. Newell, & A.F. Eble (eds.), The East-
ernOyster Crassostrea virginica (pp. 559–579).Maryland:Maryland
Sea Grant College

Zuur, A. F., Ieno, E. N., Walker, N. J., Saveliev, A. A., & Smith, G. M.
(2009).Mixed effects models and extensions in ecology with R. New
York.

SUPPORT ING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Smith, R. S., Lusk, B.,
Castorani, M. C. N. (2022). Restored oyster reefs
match multiple functions of natural reefs within a
decade. Conservation Letters. 15e12883.
https://doi.org/10.1111/conl.12883

https://www.natureaustralia.org.au/what-we-do/our-priorities/oceans/ocean-stories/reefbuilder/
https://www.natureaustralia.org.au/what-we-do/our-priorities/oceans/ocean-stories/reefbuilder/
https://www.natureaustralia.org.au/what-we-do/our-priorities/oceans/ocean-stories/reefbuilder/
https://doi.org/10.1111/conl.12883

	Restored oyster reefs match multiple functions of natural reefs within a decade
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Study system
	2.2 | Data collection and restoration performance metrics
	2.3 | Data analysis

	3 | RESULTS
	4 | DISCUSSION
	ACKNOWLEDGMENTS AND DATA
	FUNDING STATEMENT
	REFERENCES
	SUPPORTING INFORMATION


