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HIGHLIGHTS GRAPHICAL ABSTRACT

Anthropogenic disturbances have re-
sulted in massive seagrass die-off.

Loss of seagrasses has resulted in organ-
ic carbon flux.

The magnitude of organic carbon loss
depends on the type of seagrass distur-
bance.

Seagrass restoration has the potential to
reverse seagrass sedimentary C losses.
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in the subtropics and tropics, we quantified organic carbon (Cog) stocks, losses, and gains from restorations at
8 previously-disturbed seagrass sites around the Gulf of Mexico (GoM) (n = 128 cores). Mean natural seagrass
Corg Stocks were 25.7 & 6.7 Mg Corg ha™ ! around the GoM, while mean Co stocks at adjacent barren sites that
had previously hosted seagrass were 17.8 Mg Corg ha™'. Restored seagrass beds contained a mean of 38.7 +
13.1 Mg Corg ha™'. Mean C,q losses differed by anthropogenic impact type, but averaged 20.98 +
7.14 Mg Corg ha™ . Corg gains from seagrass restoration averaged 20.96 + 8.59 Mg ha™ . These results, when com-
bined with the similarity between natural and restored Co content, highlight the potential of seagrass restora-
tion for mitigating seagrass Corg losses from prior impact events. Our GoM basin-wide estimates of natural Corg
totaled ~36.4 Tg for the 947,327 ha for the USA-GoM. Including Mexico, the total basin contained an estimated
37.2-37.5 Tg Cyr,. Regional US-GoM losses totaled 21.69 Tg Coy,. Corg losses differed significantly among anthro-
pogenic impacts. Yet, seagrass restoration appears to be an important climate change mitigation strategy that
could be implemented elsewhere throughout the tropics and subtropics.
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1. Introduction

Seagrasses are a critical, but continually-diminishing blue carbon
foundation habitat. The IPCC (Intergovernmental Panel on Climate
Change) Wetlands Committee only recently recognized that wetlands
and submerged aquatic vegetation including marshes, mangroves, and
seagrasses contribute significantly to the global stored carbon sink,
and Hiraishi et al. (2014) called upon governments to implement
more sophisticated inventories of wetlands carbon emission factors to
move beyond the use of basic default values for tidal wetlands
(140 g~2 y~ ) and basic equations (i.e., Tier I standards). Current base-
line estimates indicate that global seagrass carbon pool lies between 4.2
and 8.4Pg of organic carbon (Corg) (Fourqurean et al., 2012a). Yet, these
important seagrass blue carbon sinks continue to be lost at an alarming
rate (Waycott et al., 2009). Given that blue carbon sequestration rates
can be orders of magnitude higher than terrestrial carbon pools
(Fourqurean et al., 2012a), information about seagrass blue carbon cy-
cling is an important factor in IPCC decision-making and carbon ac-
counting. Presently, regional subtropical and tropical seagrass blue
carbon stock data remain sparse for seagrass and we lack a coherent fin-
gerprint of the spatial variation in Co Stocks in relation to local environ-
mental influences. Nor do we understand the potential of seagrass
restoration for bolstering blue carbon stocks in these regions. Such in-
formation is critical for achieving long-term Tier II (regional/country-
specific emission factor values) and Tier IIl (more complex, site-specific
emission factor values) blue carbon accounting goals and REDD + (re-
ducing emissions from deforestation and forest degradation) carbon
offset eligibility.

1.1. Seagrass blue carbon losses from anthropogenic disturbances

Corg fluxes from seagrass die-off after anthropogenic disturbance
events can vary considerably depending on local environmental condi-
tions, Corg inputs to the estuary, and the type and magnitude of the dis-
turbance (Macreadie et al., 2013). Pendleton et al. (2012) generated a
rough global estimate of blue carbon emissions from conversion and
degradation of coastal marine vegetation. However, their estimates uti-
lized default mean C, stock values of 140 Mg ha™ ! from Fourqurean et
al. (2012a), and they did not incorporate spatial variation in sedimenta-
ry carbon stocks or the effects of different types of impacts on seagrass
Corg-cycling. Several researchers have presented site-specific data on
seagrass carbon flux from human impacts including Marba et al.
(2015) in Western Australia on the Indian Ocean at a location where
the seagrass ecosystem sediment collapsed resulting in the disappear-
ance of the seagrass carbon and its associated sediments in response
to disturbance. Likewise, Macreadie et al. (2014) experimentally dis-
turbed the sediment in small plots, and measured sediment carbon con-
tent over 24 months in central eastern Australia, but found no
significant Cog loss. Such results highlight the need for more studies
that address the mechanisms of seagrass carbon cycling following an-
thropogenic disturbances. The few existing empirical studies on
seagrass blue carbon losses suggest that making common assumptions
about coastal marine carbon cycling can be misleading (Macreadie et
al, 2014).

1.2. Seagrass restoration as a climate change mitigation strategy

van Katwijk et al. (2016) demonstrated the importance of seagrass
restoration on a global-scale for restoring coastal marine ecosystem ser-
vices, yet the effects of restoration activities on blue carbon cycling have
yet to be examined fully. Seagrass restoration theoretically provides one
potential solution for mitigating the losses of blue carbon stocks from
anthropogenic disturbances. Yet, few prior studies have examined the
potential of seagrass restoration for bolstering blue carbon stocks. To
date, data exist from only two sites (Chesapeake Bay, USA (Greiner et
al., 2013) and Perth, Western Australia (Marba et al., 2015)) that

quantify the effects of seagrass restoration on seagrass sedimentary car-
bon stocks. The results of both studies indicate that Cyg stocks in re-
stored areas following seagrass die off from anthropogenic impacts
can vary considerably. These studies represent two disparate data
points from one temperate high energy site on Western Australia's Indi-
an Ocean and one temperate Atlantic estuarine site in Chesapeake Bay,
USA. Regional-scale studies of the effects of multiple seagrass restora-
tions on blue carbon stocks under a variety of environmental and an-
thropogenic stressors are clearly needed for achieving detailed and
regional-scale Tier Il and III IPCC carbon accounting goals.

This study builds upon the limited body of literature on seagrass sed-
imentary carbon accounting via a regional-scale analysis of seagrass Cog
stocks, losses from an array of anthropogenic disturbances, and Corg
gains through multiple seagrass restorations across the USA GoM. Our
overarching goal was to examine the dynamics of seagrass sedimentary
carbon flux from disturbance and to evaluate the potential of subtropi-
cal/tropical seagrass restoration as a climate change mitigation strategy.
We hypothesized that the effects of different types of seagrass distur-
bances on Cog losses would vary in accord with the disturbance type,
and that different types of disturbances would also influence the subse-
quent carbon sequestration potential of seagrass beds that were then
restored after such impacts. We also hypothesized that seagrass restora-
tion would bolster blue carbon stocks in barren areas where seagrass
die-off had previously occurred. We tested these hypotheses by system-
atically collecting Cog data from across 8 subtropical/tropical seagrass
sites that had all been restored using a consistent restoration methodol-
ogy across the USA GoM, which is considered a of North American car-
bon hotspot (Hofmann et al., 2008; Herrmann et al., 2015). Each sample
site had experienced major seagrass die-off from an anthropogenic dis-
turbance, and then Thorhaug subsequently restored portions of each
site using standardized restoration methods over the last 4 decades in
a series of restorations (see Table 1 for descriptions of individual resto-
ration projects). The present study uses known seagrass kill dates (i.e.
the dates of closing of thermal and sewage effluents, vessel groundings,
and artificial-fill dates of US Army Corps of Engineers) and the exact res-
toration dates to estimate Co,g losses and gains at 8 sites across the USA
GoM (Table 1 contains descriptions of each study site and its anthropo-
genic impact). The dates of both the impact event and the restoration
date, provided a fine-scale clock for quantifying both Cqg losses since
disturbance and gains since restoration.

2. Study region
2.1. Gulf of Mexico seagrasses

The GoM is an internal North American basin, that is dominated by
sedimentary estuaries that contain seagrasses as a foundation habitat
throughout the basin. Soft sandy and muddy bottoms are characteristic
of estuaries across the region, and these wetlands support large ex-
panses of seagrasses, marshes, and mangroves. Two benthic western
Florida shelves also support seagrass. Seagrasses extents in the USA
GoM have been estimated at near 1 million ha (chiefly found in Florida
and in Texas's Laguna Madre (Appendix A) (Duke and Kruczynski,
1992; Pulich and Hardegree, 2006; Handley et al., 2007; Yarbro and
Carlson, 2011) with rough estimates of 25,000 ha in the Mexican por-
tion (Green and Short, 2003). Seagrass productivity is high in the GoM
due to its year-long growing season and clear waters (Thorhaug et al.,
1978; Dunton, 1994; Livingston et al., 1998). Extensive anthropogenic
development has occurred chiefly during the last century, which has
decimated intertidal wetlands and seagrasses throughout the region.
Duke and Kruczynski (1992) estimated that 54% (19,250 km?) of all
wetlands and seagrasses in the GoM were lost by 1992. To date, this
seagrass loss was considered to chiefly affect fisheries and habitat ex-
tent. However, such losses likely also have effects on GoM seagrass car-
bon capture and storage.
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