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Abstract

As human impacts increase in coastal regions, there is concern that critical habitats
that provide the foundation of entire ecosystems are in decline. Seagrass meadows
face growing threats such as poor water quality and coastal development. To de-
termine the status of seagrass meadows over time, we reconstructed time series of
meadow area from 175 studies that surveyed 547 sites around the world. We found an
overall trajectory of decline in all seven bioregions with a global net loss of 5602 km?
(19.1% of surveyed meadow area) occurring since 1880. Declines have typically been
non-linear, with rapid and historical losses observed in several bioregions. The great-
est net losses of area occurred in four bioregions (Tropical Atlantic, Temperate North
Atlantic East, Temperate Southern Oceans and Tropical Indo-Pacific), with declining
trends being the slowest and most consistent in the latter two bioregions. In some bi-
oregions, trends have recently stabilised or reversed. Losses, however, still outweigh
gains. Despite consistent global declines, meadows show high variability in trajecto-
ries, within and across bioregions, highlighting the importance of local context. Studies
identified 12 different drivers of meadow area change, with coastal development
and water quality as the most commonly cited. Overall, however, attributions were
primarily descriptive and only 10% of studies used inferential attributions. Although
ours is the most comprehensive dataset to date, it still represents only one-tenth of
known global seagrass extent, with conspicuous historical and geographic biases in
sampling. It therefore remains unclear whether the bioregional patterns of change
documented here reflect changes in the world's unmonitored seagrass meadows. The
variability in seagrass meadow trajectories, and the attribution of change to numerous
drivers, suggest we urgently need to improve understanding of the causes of seagrass
meadow loss if we are to improve local-scale management.
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1 | INTRODUCTION

Marine ecosystems face an increasing number and intensity of
human impacts (Halpern et al., 2019). In particular, nearshore eco-
systems experience a disproportionately high level of disturbance
(Halpern et al., 2015; Lotze, 2006) especially as human populations
are rapidly increasing in coastal areas (Halpern et al., 2019). Land-
use changes such as agriculture and road development, as well as
sewage and other land-based pollutants, can reduce water quality
by increasing sedimentation and nutrient loading in nearshore ma-
rine habitats. Meanwhile, coastal development such as port infra-
structure, aquaculture and dredging can directly destroy intertidal
and subtidal habitats (Orth et al., 2006). These cumulative pressures
need to be addressed in unison to prevent further loss of coastal
habitats (Griffiths et al., 2020).

Seagrass meadows are an important nearshore coastal habitat
that provides important ecosystem services such as nursery habitat
(McDevitt-Irwin et al., 2016; Whitfield, 2017), improved water qual-
ity (Lamb et al., 2017; Orth et al., 2020), and carbon storage (Mtwana
Nordlund et al., 2016). However, seagrasses are sensitive to multi-
ple human activities taking place in the coastal zone that impact
water quality through increased sedimentation and nutrient run-
off, or cause direct habitat destruction (Grech et al., 2012; Holon
et al., 2015; Lefcheck et al., 2017; Orth et al., 2006). Furthermore,
seagrasses often live in embayments that can have long water resi-
dence times, which can magnify the impact of eutrophic and other
unfavourable conditions (Bricker et al., 2008). As human impacts in
coastal environments increase, there is a heightened concern that
seagrasses will suffer global declines. More than a decade ago, sea-
grass meadow area was being lost at an estimated average global
rate of 1.5% per year (Waycott et al., 2009). Importantly, this global
loss figure belied substantial variation among sites in rates and direc-
tions of change, with 25% of sites increasing in area and 17% remain-
ing stable over time (Waycott et al., 2009). Furthermore, for sites
that were in decline the rate of loss was 7% per year and was accel-
erating (Waycott et al., 2009). Substantial monitoring efforts since
then provide a wealth of additional data that allow us to re-assess
global patterns of seagrass change in the context of increasing
human impacts. Recently, seagrass meadow trends in Europe have
shown some stabilisation and recovery (de los Santos et al., 2019).

To improve the management of seagrass ecosystems, we must
identify where and why seagrass meadows are declining. Despite
the ubiquity of seagrass along the world's coastline, our understand-
ing of the global status of seagrass meadows is limited, particularly in
bioregions such as the Tropical Atlantic, Mediterranean and Tropical
Indo-Pacific (Unsworth et al., 2018). At the same time, management
has fostered seagrass recovery over the long term. Notable examples
of this include Chesapeake Bay (Virginia & Maryland, USA), Tampa
Bay (Florida, USA) and the Wadden Sea (Denmark, Germany and the
Netherlands). In Chesapeake Bay, 40 years of policy implementation
to control nutrient loading has led to improved water quality and
increased abundance and cover of seagrass (Lefcheck et al., 2018;
Orth et al., 2020). Similarly, in the Wadden Sea and Tampa Bay,
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seagrass meadow areas previously lost during times of high nutrient
loading have recovered to pre-damage meadow area following years
of management that limited nutrient inputs and wastewater run-off
(Dolch et al., 2017; Sherwood et al., 2017; Tomasko et al., 2018). In
addition to management actions, restoration projects have increased
rapidly in scale and number since the 2000s (Saunders et al., 2020),
which when coupled with management are an important compo-
nent of restoring large areas of seagrass (Orth et al., 2020; Sinclair
et al., 2021). However, while both the decline and recovery of sea-
grass at these locations can be attributed relatively unambiguously
to specific causes (nutrient loading and run-off limitation measures,
respectively), this is not the case for most other locations where
changes in areal extent of seagrass habitat were previously noted
(Waycott et al., 2009). Further, these examples of recovery may be
the exceptions globally, because in many other places, management
of cumulative pressures is likely insufficient to prevent seagrass loss
(Griffiths et al., 2020).

Here we assess the current status of seagrass ecosystems glob-
ally. We examined the peer-reviewed literature to identify studies
documenting meadow area across multiple time periods, expanding
the original meta-analysis by Waycott et al. (2009) with new studies
from previously under-sampled regions. Our study thus expands the
geographic scope of recent studies that have documented trends in
parts of the USA (Lefcheck et al., 2017) and Europe (de los Santos
etal., 2019). Our study also extends past analyses by using statistical
time series reconstruction techniques to account for gaps in data
series and geographic bias in sampling. We aimed specifically to (1)
quantify trends in seagrass meadow area by major seagrass biore-
gions, (2) quantify variation in trends across individual meadows
across bioregions, (3) identify the primary drivers that were cited by
authors as potential drivers of change and (4) identify the methods

used for causal attribution to those drivers.

2 | METHODS
2.1 | Study selection

We used Web of Science and Scopus to systematically search
the peer-reviewed literature for studies that resampled seagrass
meadow area over time. We updated the database of seagrass
area time series in Waycott et al. (2009), by performing a search on
18 January 2018 using search terms modified from Waycott et al.
(2009): “(seagrass® OR SAV OR submerged aquatic vegetation OR
eelgrass*) AND (loss* OR change* OR recovery OR stability OR dy-
namic* OR impact* OR map* OR decline* OR increase* OR gain®)
and (cover* OR area* OR distribution OR production OR bed*)". We
restricted our search to the years 2006-2018 to avoid overlap with
Waycott et al. (2009), whose last search year was 2006. We tested
our search terms for the time period covered by Waycott et al.
(2009) and found that our terms captured all of the studies found in
Waycott et al. (2009) with the exception of Larkum and West (1990),
which does not have a searchable abstract posted on any database.
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Our updated search for 2006-2018 returned 4808 records, which
we filtered to 366 studies after reviewing titles, abstracts and full
text where necessary, to identify studies that met our three key se-
lection criteria: (1) the study measured seagrass meadow area, (2)
measurements were performed at the same sites over time and (3)
area was measured at a minimum of two time points over a period
of at least one full year (Figure S1). Note that our keywords were
in English, which means we predominantly captured literature writ-
ten in English and this may overlook a portion of available published
literature (Christie et al., 2020). Our search terms included ‘sub-
merged aquatic vegetation’, but we only used studies that measured
area of seagrass species. Two studies included freshwater species,
that is, Potamogeton pectinatus (Figueiredo da Silva et al., 2004)
and Lepilaena sp. (Seddon et al., 2000), but did not provide species-
specific cover data. Because freshwater species were noted as a mi-
nority of the community, we included these studies in the analysis.
An additional nine studies provided no indication of the species but
did indicate that they measured seagrass meadow area and were
thus included.

2.2 | Dataacquisition

We extracted variables that described areal extent over time, spe-
cies, location, sampling methods, primary potential drivers of change
as considered by authors, and the strength of attribution used to
assess potential drivers of change of seagrass area. We also assigned
each site to a seagrass bioregion according to Short et al. (2007) with
the modification of the Temperate North Atlantic, which we sepa-
rated into west and east (Figure 1). Time series data on total areal
extent were preferably extracted from data tables or, when this
was not possible, from figures using WebPlotDigitizer 3.12 (Rohatgi,
2018). We also recorded whether study authors indicated an a priori
reason for undertaking a study (e.g. ‘because the seagrass bed had
been declining’), to account for the potential non-random sampling
of seagrass meadows when we performed our analysis of global

change. When a range of years (e.g. 1994-1996) for a single meas-
urement were listed, we chose the midpoint. Locations of all sites
were recorded and were used to identify when a site or area (e.g.
Chesapeake Bay) was surveyed across studies. To identify sites or
areas that were sampled in more than one study, sites were tagged
with an additional variable called ‘site group’ when the same sites or
adjacent (e.g. <5 km apart) were used or when sites in a study were
nested within another study. Data from studies contained in Waycott
et al. (2009) were included in our analysis and rechecked where pos-
sible to include additional ecological covariate and driver attribution
data from these studies. When studies could not be accessed (i.e.
two cases: Blake & Ball, 2001; The Massachusetts Department of
Environmental Protection 2006 Eelgrass map), we used the data
reported in Waycott et al. (2009; Table S1) for the rates of change
analysis. Only one study included data on relative abundance of sea-
grass species over time at a site (McClanahan et al., 2014), which
precluded a meta-analysis of change in species composition.

2.3 | Netchange in seagrass area

To quantify the net change in seagrass meadow area in each biore-
gion and globally, we calculated and summed the observed change
in meadow area from the first time point to the last time point in
each time series. We calculated the total area surveyed as the sum
of the maximum observed area at each site. To avoid duplication of
net area change that could occur, for example, when multiple studies
were conducted in the same area, we selected the site that had the
largest maximum area.

2.4 | Bioregional trends and the status of seagrass
meadows over time

To reconstruct time series of seagrass meadow area at the site
level and to estimate trends across bioregions, we fit hierarchical

O This study © Waycott et al. 2009

FIGURE 1 Global distribution of seagrass (green; data from UNEP-WCMC & Short, 2021), with sites (n = 219) from Waycott et al. (2009)
and additional sites (n = 323) from this study. Included are the seagrass bioregions adapted from Short et al. (2007): 1. Temperate North
Pacific, 2. Temperate North Atlantic West, 3. Temperate North Atlantic East, 4. Tropical Atlantic, 5. Mediterranean, 6. Tropical Indo-Pacific,
7. Temperate Southern Oceans [Colour figure can be viewed at wileyonlinelibrary.com]
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generalized additive models (GAMs) to all time series (including the
duplications removed from the net change analysis) from each bi-
oregion using the ‘mgcv’ package in R (Wood, 2011). This method
models the average trajectory of all meadows in a bioregion and al-
lowed for trends to be non-linear. Thus, the bioregional trajectories
estimated by the GAMs were not as strongly influenced by change
in single very large meadows as the net area analysis was. Meadow
areas were In-transformed prior to analysis. To handle zero values,
we added 10% of the minimum, non-zero area detected at a site
(zeros were rare, occurring in 4% of time points). We fit the following
model to each bioregion independently:

log, (area;) =a+f (year;) +fy, (year,)+f (site_group;)
+ep, £.~N (0, 0'2) ()

where f(year,) is the shared bioregional trend, fsite_‘.(yeart) is a site-
specific trend that accounted for site-level deviations from the
bioregional trend, and f(site_group,) is a random intercept term that
accounted for similarities in mean area between the same, adjacent, or
nested sites across studies. The method also reconstructs gaps in time
series by borrowing strength from the bioregional trend that is shared
across sites within a bioregion. Smooths were fit using thin plate regres-
sion splines and using low-order penalized derivatives for the site-level
smoothers (m = 1 in the ‘mgcv’ package) to reduce collinearity between
the global smoother and site-level smoothers (Pedersen et al., 2019).
The random effects and residual errors were assumed to be normally
distributed with a mean of zero and a variance that was estimated from
the data. We allowed the maximum number of basis functions, k, to
vary by site, i, (k = number of years - 2; min = 2, max = 8), to handle
the variation in the number of sampled time points and data density
over time at each site. This improved site-level model fits. There were
sufficient data to fit GAMs in all bioregions, and include sites that had
only been sampled at two time points, except for the Mediterranean.
To fit the GAM for the Mediterranean we excluded 16 sites, which had
only been sampled at two time points. Then, to reconstruct the time
series of these 16 sites, so that they could be included in our analysis
of seagrass status by decade, we performed linear imputation using
the ‘imputeTS’ package in R (Moritz & Bartz-Beielstein, 2017). We also
performed a sensitivity analysis to determine how the GAM recon-
structions were affected by decades with fewer than five meadows
surveyed (e.g. many of the earliest decades in our dataset). We found
that in most bioregions there was no substantial change in the results
and have included this analysis in Supporting Information - Sensitivity
Analysis. However, we believe it is important that we present the full
dataset in Figure 2, which includes the less data-rich decades prior to
the 1950s because omitting them severely shifts the baselines of the
trends.

We then used the reconstructed time series to examine (1) biore-
gional trends in mean meadow area over time, relative to the mean
meadow area in the earliest year of each bioregion's time series, and
(2) the status of seagrass meadows by decade and bioregion. We
used two metrics to describe the status of each seagrass meadow in
a given decade: the instantaneous annual rate of change (Equation 2)
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and the fraction of meadow size relative to the maximum area ever

Areaecade
n
Irateofch ar€agecade; @)
annualrate of changeye,qe =
yeardecadef - yeardecadeA

observed at a site (Equation 3).

. X E"readecacle,v
fraction of maximum observed ecage =

maximum area observed intime series
(3)
To calculate these metrics, we used the initial, i, and final, f, year
of a time series within a decade, decade (e.g. ‘1990": 1990-1999).
If a time series started or ended within the decade of interest, we
used the first and/or last observed year (e.g. 1992-1995). To in-
terpret the status of individual meadows, we plotted both metrics
against one another to examine how annual rate of change (by de-
cades and by bioregions) varied with meadow area as a fraction
of maximum area observed. We did the same with just the sites
included in Waycott et al. (2009) to provide a visual comparison
between our studies.

2.5 | Attributions to drivers

We identified the studies that attempted to attribute temporal
trends in seagrass meadow area to specific drivers. To understand
the strength of these driver attributions used in studies of tempo-
ral trends in seagrass meadow area, we categorized attributions in
order of increasing strength from none, descriptive, visual and in-
ferential (Table 1). We identified the primary driver(s) considered in
each of these studies, which we defined as the driver(s) tested with
the strongest level of attribution or if attribution was only descrip-
tive, the most discussed driver(s). Many studies identified multiple
primary drivers. We then examined how the strength of attribution
varied across drivers. Note that our purpose here was not to meas-
ure the specific effects or effect sizes of drivers.

3 | RESULTS
3.1 | Datacoverage

Our literature search, including studies from Waycott et al. (2009),
resulted in 547 time series of seagrass meadow area derived from
175 studies (Figure 1). The number of time series has doubled in the
15 years since Waycott et al. (2009) (211 time series from 70 studies,
reported cut-off year 2006), with a considerable increase in the geo-
graphic scope of studies. In particular, data gaps in the Indo-Pacific
region have begun to be addressed (Figure 1). Surprisingly, the new
time series added since Waycott et al. (2009) are not only the result
of recent monitoring programs. Instead, many new studies within
the last decade have identified sites in data-poor regions that had
historical data, often in the form of aerial photography archives or
ground surveys.

8518017 SUOWWIOD AIIa.D 8|qeot[dde 8y A pauienob ae Sspiie YO ‘8sn Jo sa|n. 10} AfeIq1T8UlUO 8|1 UO (SUORIPUOD-PUR-SLLIBIALIOD"AB | 1M ARIq 1 UI|UO//STIY) SUORIPUOD pue SWe 1 8y} 88S *[202/y0/y2] U0 AflqiTaulluo A8]IM ‘SorelIWECe] Vel uNeURIY00D AQ #89ST GOB/TTTT 0T/I0pAW0D A8 M Afe.d 1 jpuluo//:Sdny wouy pepeojumod ‘LT ‘T20Z ‘98v2S9ET



DUNIC eT AL.

Temperate North Pacific

Temperate North Atlantic West

2 =
1
0.1 TF
0.01 i
05 -
0.001 [ 2 5 9 12 17 5 L1212 12 14 15 62 128 121 28
1950 1970 1990 2010 1930 1950 1970 1990 2010
Temperate North Atlantic East Tropical Atlantic
5 di
a B
o 1F 1
£ i 0.5 |-
9 -
o 0.1 -
= 1 1 2 6 9 14 14 20 47 51 52 17 02F2 2 2 2 2 3 1422 31 46 80 68 59 13
% 1900 1920 1940 1960 1980 2000 1880 1910 1940 1970 2000
8 Mediterranean Tropical Indo-Pacific
& ot
5 of
©
®© 1 kb
o = 1k
£ g - e
- 05 - 5
S i |
2 o2} I
= s 10 13 156 22 45 42 10 051 __4 8 8 35 41 62 70 43
1940 1960 1980 2000 1930 1950 1970 1990 2010
Temperate Southern Oceans
2 -
r
053 17 35 53 56 55 54 46 21
1930 1950 1970 1990 2010
Year

FIGURE 2 Bioregional trends in seagrass meadow area over time, estimated using bioregion-specific generalised additive models (GAMs).
Mean meadow area is expressed as a proportion of the meadow area observed in the initial surveys, averaged across sites for each bioregion,
and on a log,, scale, such that a change from 1 to 0.1 equals a 10-fold decrease in seagrass area over time. The shaded 95% confidence intervals
reflect the simultaneous confidence intervals derived from the GAM fit to meadow area trends of all study sites within each bioregion. Note that
the y-axis varies across bioregions. The number of meadows sampled in each decade are shown in grey along the x-axis. The bioregional trend in
the Mediterranean does not include 16 sites that contained only two sampled time points [Colour figure can be viewed at wileyonlinelibrary.com]

In our database, study durations ranged from 1 to 127 years (Figure
S2), with 140 studies (70%) containing time series of 10 years or more
(Table S1). Studies with the longest durations were typically sampled

using aerial photography. However, one historical record was from ship
surveys in 1900, resulting in a 99-year time series in Limfjorden, Denmark
(Krause-Jensen et al., 2012). Across studies, meadows were usually
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TABLE 1 Categories of strength of attribution of change in seagrass area to specific drivers of change

Attribution category Description

None Study did not attribute change to specific driver(s).

Descriptive Attribution of change was mentioned only in the discussion and no driver data were presented, and/or attributions were
made from anecdotal descriptions of the local context (e.g. increased human population over the time series, assumed
declines in water quality, etc.).

Visual Environmental or driver (e.g. human population) data were graphically presented and compared visually with temporal
trends in seagrass meadow area. Alternatively, direct image comparisons (e.g. before and after events such as a
hurricane or building an aquaculture facility in a seagrass meadow) were provided.

Inferential Inferential statistics were used to test for a relationship between a driver and temporal trends in seagrass meadow

area. These included the use of before-after-control-impact designs, direct correlations between potential drivers
and temporal trends in seagrass meadow area, or experiments testing the effect of drivers that were coupled with

temporal trends in seagrass meadow area.

TABLE 2 Netchange, gains, and losses in total area of seagrass surveyed around the globe. Net change is expressed as a % of the

maximum total area surveyed in each bioregion, as well as in absolute area (km

Net change

Bioregion Net change (%)  (km?)

Temperate North Atlantic East -69.0 -420
Tropical Atlantic -32.3 -3301
Temperate Southern Oceans -22.4 -326
Tropical Indo-Pacific -16.2 -96
Mediterranean -9.9 -1477
Temperate North Pacific 0.6 6
Temperate North Atlantic West 2.3 11
Global -19.1 -5602

surveyed during peak growth season (i.e. spring-summer). Most sites
ranged in maximum observed meadow area from 0.01 km? to 100 km?.
In addition to geographic biases in the dataset, we made a coarse
evaluation of sampling bias with respect to a priori expectations of
change in meadow area as indicated by the authors in the text. In
our database, most studies (61%) had no indication of a priori ex-
pectations (Table S2). Of the 39% of studies that had statements
about a priori expectations of trajectories of change, most were ex-
pectations of decline (29%). Only 7% of studies had expectations of
increase in meadow area over time, and 3% expected other trajec-

tories (e.g. U-shaped).

3.2 | Global and bioregional trends in seagrass
meadow area

Globally, 554 km? of seagrass has been recovered since 1900, which
accounts for ~1.9% of the total area surveyed (Table 2). However,
a net loss of 5602 km? of seagrass has occurred since 1880, which
represents a 19.1% loss of the total area surveyed (i.e. 29,293 km?;
Figure S3).

Seagrass meadows in all bioregions have experienced declines
in meadow area (Figure 2; Figure S4). Most of the bioregions ex-
hibited non-linear trajectories, with the exception of the Tropical
Indo-Pacific and the Temperate Southern Oceans (Figure 2). As

%)
Gain Maximum total area
(km?) Loss (km?) surveyed (km?) Time span
17 -437 608 1900-2016
183 -3485 10,218 1880-2013
121 -446 1455 1930-2013
75 -171 592 1945-2016
25 -1502 14,958 1900-2012
75 -69 971 1955-2013
57 -46 492 1960-2015
554 -6156 29,293 1880-2016

might be expected when site identities change throughout long-
term time series, some of the non-linearities are caused by sampling.
For example, the fastest declines relative to the earliest measured
baselines were observed in the Temperate North Pacific and the
Temperate North Atlantic East, with a 1000-fold loss of meadow
area from the 1950s to the 1970s and a 10-fold loss from the early
1900s to 1940s, respectively (Figure 2). However, these rapid early
declines were inferred from fewer than six sites (see number of sites
labelled on the x-axis Figure 2). In general, by the 1940s more sites
and total seagrass area were sampled across all bioregions (Figure 2;
Figure S5). Large (~40%-80%) declining trends were estimated in
the Tropical Atlantic and Mediterranean from the 1940s until they
stabilized by the 1980s to present. Meanwhile, the rates of change in
seagrass area in the Temperate North Atlantic West fluctuated from
the 1940s to late 1990s, and since 2000 this region has experienced
a 40% decline in area relative to the earliest surveys. Conversely,
the Temperate North Atlantic East has seen a marked recovery since
2000, although the areal extent remains ~70% below that of the ear-
liest surveys.

Overall, the Tropical Atlantic experienced the largest net loss of
seagrass area, losing 3485 km? of seagrass. Most of this loss was
driven by one meadow that lost 2700 km? of seagrass between
1984 and 1992 (Table 2). Meanwhile the Temperate North Atlantic
East experienced the highest percent loss relative to the maximum
total area surveyed in this bioregion (69%; Table 2). Most of this
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losses will be farther on the left of a panel; meadows near their maximum size will be on the right (near vertical line, x = 1); and stable/slowly
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estimated using the bioregional GAMs, relative to the maximum area ever observed at that meadow. The y-axis is the instantaneous annual
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loss was driven by one observed loss of more than 100 km? prior
to the 1930s. Meadows in both the Tropical Indo-Pacific and the
Temperate Southern Oceans also declined markedly, by nearly 20%
compared to the maximum total area surveyed in these bioregions
(Table 2). In absolute terms, the greatest loss of seagrass meadows
reported was in the Tropical Atlantic and Mediterranean bioregions
(Table 2).

3.3 | Status of individual seagrass meadows
over time

Despite declines in seagrass meadow area across bioregions,
changes in individual meadow area were highly variable (Figure 3;
Figure Sé). On average, annual rates of change were centred near
zero (Figure 3; Figure S7) and most sites experienced annual rates
of change of less than 2%. A greater number of meadows with posi-
tive rates of change were observed from the 1980s onwards in most
bioregions, when new sampling methods (primarily remote sensing)
were introduced. Many meadows in the Temperate North Atlantic
East, Mediterranean and Tropical Atlantic bioregions shifted to-
wards positive trends post 1990, explaining the recent increasing
trends in those bioregions (Figure 2). However, overall meadow area
over the past two decades has remained below 90% of maximum for
most meadows.

High, positive annual rates of change (>10%) were more common
in meadows that had been reduced to less than half of their maxi-
mum area ever observed (Figure 3; Figure S8). Additionally, mead-
ows larger than 1000 ha tended to have slower rates of change than
smaller meadows (Figure S9), though there was no clear relationship
between the coefficient of variation across time series and the max-

imum observed area (Figure S10).

3.4 | Attribution to drivers

Attributions to potential drivers of change were primarily descriptive
(>40%,; Figure 4), while ~15% of studies did not attempt to attribute
patterns to a specific cause. The latter studies were often dem-
onstrations of survey methods (e.g. satellite imaging techniques).
Thirty percent of studies attributed change to a specific cause by
visually examining concurrent trends in driver intensity and seagrass
meadow characteristics (typically area) or by comparing imagery be-
fore and after events such as land appropriation. Meanwhile, only
10% of studies used inferential statistics to test the association of
drivers on the trends observed in seagrass meadow area.

Poor water quality and coastal development were the most
common primary drivers identified by study authors (Figure 5) and
were typically considered in study discussions. However, water qual-
ity was more likely than other drivers to be visually compared with
trends in seagrass meadow area over time (Figure S11) or tested
using inferential statistics. Coastal development was a broad cat-
egory that included activities and environmental changes ranging
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FIGURE 4 Proportion of studies in each of the four categories
of causal attribution method. The methods are described in Table 1
and are shown in order of strength of attribution
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FIGURE 5 Frequency of the primary drivers cited as potential
drivers of change in seagrass meadow area. Examples of specific
drivers considered in each driver category are detailed in Table S3

from watershed land use change to port development (Table S3).
Drivers such as hydrology, storms, or management/restoration,
which were often discrete events, were more commonly considered
visually or inferentially than other drivers. At nine locations, all in
the USA, authors specified management or restoration events and
their timing relative to the time series of seagrass meadow area. All
of these locations experienced net gains in seagrass area after the
restoration or management actions taken (Figure S12) and at five
of these nine sites, the interventions were related to water quality

(Supporting information - Supplementary Figures: Table S3).

4 | DISCUSSION

We reconstructed time series of seagrass meadow area that span
the last 70 to 130 years from seven bioregions and filled previous
geographical data gaps (Waycott et al., 2009). Over this time period,
human pressures on the world's marine ecosystems have increased
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in intensity and spatial extent (Halpern et al., 2019). Correspondingly,
we found that global declines in seagrass meadow area have been
widespread and substantial over the last century. However, since
the 2000s declining trends have stabilised or are now on recovery
trajectories in some bioregions. These findings align with the recent
reversal of declines documented at sites from across Europe (de
los Santos et al., 2019). Despite reduced or reversed trajectories of
loss, the absolute area lost still outweighs gains in all but two bi-
oregions. Annual rates of change were typically less than 2% year‘l,
but there was high variability in rates at individual sites, indicating
that local context is important to understanding seagrass dynam-
ics. Interestingly, the attribution to causes of seagrass area change is
rarely inferential, which makes the identification of local contextual

drivers difficult.

4.1 | The global picture: Bioregional trends

Trajectories of change in seagrass area are consistent across bi-
oregions of the world; all bioregions show declines relative to the
earliest recorded meadow areas. However, global losses have not
all been linear over time, nor has the timing and rate of loss been
uniform across bioregions. Some regions, such as the Temperate
North Atlantic East, experienced rapid, early losses, while others like
the Tropical Indo-Pacific and Temperate Southern Oceans exhibited
slow, steady declines. The differences in trends across bioregions
may reflect a variety of factors relating to differences in the spa-
tial and temporal scales of disturbances affecting seagrass (O'Brien
et al., 2018) and the ecologies of seagrass meadows (Kilminster
et al., 2015; Marba et al., 1996). For example, small-scale and acute
disturbances are likely to be associated with faster rates of change
(O'Brien et al., 2018), or differences in seagrass species diversity
could make bioregions with higher species richness more resilient
to change than bioregions characterised by monospecific meadows
(Unsworth et al., 2015). Given the variety of disturbances observed
and likely unobserved within the dataset, it is possible that the vari-
ation in disturbances outweighs meadow ecology effects when the
data are aggregated.

Bioregional variation in seagrass area trends could also be due to
sampling differences, including the length and timing of data series
and/or the number and identity of sites surveyed. For example, the
early record in the Temperate North Atlantic East is largely influ-
enced by the losses documented in Limfjorden starting at the turn
of the 20th century, but it is likely representative of trends through
much of the Temperate North Atlantic East given the widespread
losses caused by wasting disease documented in the region (Godet
et al.,, 2008; Krause-Jensen et al., 2012). The observed historical de-
clines in several bioregions remind us to consider recent trends with
some caution because their interpretation depends on the baseline
used. For example, in a sensitivity analysis (Supporting Information
- Sensitivity Analysis) we found that the Temperate North Atlantic
East showed increasing trajectories in meadow area when early

sampling points were omitted. In contrast, it is less likely that the

rapid decreasing trend in the Temperate North Pacific was repre-
sentative of the bioregion from the 1950s to the 1970s. The rapid
decline observed in the reconstructions was driven by the loss of
seagrass meadows in Japan (Aioi & Nakaoka, 2003; Hiratsuka et al.,
2007) and Elkhorn Slough, a small meadow, on the west coast of the
United States (Hughes et al., 2013) owing to multiple local causes.

In absolute terms, 19.1% of the 29,000 km? of seagrass meadow
area that has been surveyed has been lost in the past 100+ years,
although interestingly, the reconstructed bioregional trends over
time did not always match patterns of net seagrass area change.
The reason for the mismatch is that the bioregional trends represent
the expected trajectory of change across all meadows regardless of
meadow area, whereas the net loss statistic accounts for differences
in meadow area. In some regions, like the Temperate North Atlantic
East and the Tropical Atlantic, the loss of a single large meadow in
each of these two bioregions (Limfjorden for the Temperate North
Atlantic East, and Big Bend for the Tropical Atlantic) had a large in-
fluence on the net loss statistic, with Big Bend accounting for al-
most half of the absolute total area lost (2700 km?). However, other
bioregions (e.g. Temperate Southern Oceans, Tropical Indo-Pacific
and Mediterranean) also experienced large losses (~10%-22%) over
the last 70 to 90 years, which encompass multiple countries (e.g.
Italy, Spain and Tunisia for the Mediterranean; Telesca et al., 2015)
and local causes, such as coastal modification (Nayar et al., 2012),
poor water quality (Petus et al., 2014) and direct physical damage
from fishing (Harcourt et al., 2018), in each bioregion. Therefore, it
is important to consider both the bioregional trajectories, particu-
larly when there are regional drivers of change (e.g. disease, climate),
and the associated net loss in a bioregion. For example, the Tropical
Indo-Pacific and Temperate Southern Oceans had the slowest and
most consistent trends in seagrass area loss over time, yet each have
lost close to one-fifth of their total surveyed seagrass meadow area.

The apparent stability in some bioregions may be due to gaps
in monitoring and limitations of analysing data from peer-reviewed
studies. Unlike other bioregions that had similar total areas sur-
veyed but experienced large losses, the Temperate North Atlantic
West and Temperate North Pacific have shown little fluctuation in
seagrass meadow area, with minimal gains and losses. Time series
from the Temperate North Atlantic West do not cover the period
of wasting disease in the early decades of the 20th century, which
is known to have caused the catastrophic losses observed in the
Temperate North Atlantic East (Cotton, 1933; Milne & Milne, 1951).
The minimal change observed in this bioregion might therefore be
the result of a downward-shifted, post-disease baseline. Meanwhile,
the Temperate North Pacific is likely one of the most data-deficient
regions, relative to total abundance of seagrass (McKenzie et al.,
2020). Similarly, the trends we estimated for the Indo-Pacific and
Temperate Southern Oceans bioregions may be underestimates. It
is possible that much seagrass was lost underneath port develop-
ments or through declines in water quality before meadows were
even monitored. Historical ecological studies, such as with naviga-
tional charts (Bromberg & Bertness, 2005; McClanahan et al., 2014),
could help fill this gap.
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Sampling biases and data deficiencies pose a challenge when es-
timating global patterns of change (Gonzalez et al., 2016), prompt-
ing caution in the interpretation of reconstructed historical trends.
Global syntheses, such as the present study, rely on data that do not
represent random samples: sampled sites may be chosen for ease of
access or to monitor the effects of specific disturbances or manage-
ment actions; meadows could have disappeared before monitoring
started; or published data can be subject to the ‘file-drawer’ prob-
lem (Csada et al., 1996; Rosenthal, 1979), meaning that sites with
no change could be under-represented in our dataset. Including
grey literature into future reviews is one way to help with the latter
concern.

Although many geographical data gaps have been filled since
Waycott et al. (2009), much of global seagrass extent has yet to be
documented (McKenzie et al., 2020; Unsworth et al., 2018). In fact,
the cumulative seagrass meadow area surveyed in this study rep-
resents just one-tenth (29,293 km?) of recent estimates of global
seagrass extent (266,562 km?% McKenzie et al., 2020). It remains
unclear whether the bioregional patterns of change documented
here, and in previous global reviews, reflect changes in unmonitored

seagrass meadows.

4.2 | Thelocal picture: Site-level changes

The rates of change in seagrass area for individual meadows were
generally in the order of 1%-2% per year. At first glance, this sug-
gests a great improvement in the status of seagrass over the 7% per
annum decline reported by Waycott et al. (2009). However, we cau-
tion against making such a direct comparison. We analysed new data
and advanced on the linear interpolation method used in Waycott
et al. (2009) by modelling non-linearity in seagrass trends and ac-
counting for differences in trends across bioregions. In addition, the
7% decline reported by Waycott pertained only to declining mead-
ows, not to all meadows as is the case for our figures of decline.
Interpretation of the status plots of all sites in each dataset (Figure
S13) suggests the 7% global decline estimate was strongly influenced
by declining trends in the Temperate North Atlantic West: a trend
that we also observe in our updated dataset, and which continues
into the 2010s. Overall we find that observed declines have slowed
in several bioregions that have suffered large historical declines
(Temperate North Atlantic West) and those that have experienced
substantial restoration efforts (Mediterranean, Tropical Atlantic).
Persistent declines of 1%-2% per year are nevertheless of great
concern for two reasons. First, consistent declines of this magni-
tude can still lead to substantial loss. Furthermore, this loss could
be accelerated as meadow size decreases below a threshold size
where recovery can be achieved naturally or through management
(Moksnes et al., 2018; Olesen & Sand-Jensen, 1994; Orth et al.,
2012). For example, large meadows are more likely to trap sediments
in a positive feedback that improves water clarity (Adams et al.,
2018; van der Heide et al., 2011) and dampens waves that are dam-
aging to meadows (Uhrin & Turner, 2018). The fact that low rates of
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declines, although widespread, often affect large meadows (e.g. in
the Tropical Indo-Pacific, Figure 3) offers some reassurance because
given the same rate of decline, large meadows will take longer to
reach the point of no return than smaller meadows. Second, from
a human perspective, declines of 1%-2% might be imperceptible
or attributed to natural variation. This sets the stage for the poten-
tial problem of shifting baselines (Duarte et al., 2009; Pauly, 1995),
which could delay the recognition of declining trends and onset of
management intervention.

Meadows that were small relative to their maximum observed
area more commonly experienced large annual rates of change when
compared to meadows that were close to their maximum observed
area. There are several explanations for this pattern. First, it could
be caused by sampling bias caused by higher variation in year-to-
year estimates of meadow area when observing smaller meadows
in turbid water. However, extreme rates of change associated with
small relative size tended to occur more frequently when meadows
increase in size than when they decrease. This pattern suggests an
ecological interpretation: seagrass meadow expansion is dominated
by vegetative growth at meadow edges, and edge-to-area ratios, and
thus the scope for large relative areal gains, are higher for small than
for large meadows (Olesen & Sand-Jensen, 1994; Rasheed, 2004).
It is also possible that the maximum observed size of a meadow ap-
proximates the maximum suitable habitat and so the potential for
meadow expansion is low when meadows are near their maximum
size. In contrast, loss processes are not strictly limited to the edges
of meadows, and extreme rates of loss might depend on the type of
local drivers, such that large proportional losses can occur regardless
of meadow size.

Although the status of individual seagrass meadows gener-
ally paralleled bioregional trends in seagrass area, there was high
variability in individual meadow rates of change, with many sites
bucking the bioregional trends. This suggests that local context is
important, particularly when regional-scale factors (e.g. wasting
disease, storms) are not the primary driver of regional trends in
seagrass area. Local factors that can be highly variable even within
bioregion include the type, frequency and intensity of human

impacts.

4.3 | Attributions to drivers of change

Given the observed declines in seagrass area, the high variabil-
ity in individual meadow change, and large gaps in how meadows
are currently managed, it is ever more important to understand
what is driving change, so the gaps that contribute to ineffective
seagrass management can be identified and filled (Griffiths et al.,
2020). In our dataset, most studies attributed observed change in
seagrass area to one or more drivers, but the strength of attribu-
tion was, in general, weak. Inferential tests provide the strongest
attribution, because they are quantitative and repeatable (O’'Connor
et al.,, 2015), but only 10% of studies identified the causes of change
using inferential tests. Admittedly, environmental data that coincide
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with seagrass meadow time series are lacking in most places, which
makes inferential attribution of changes in seagrass area to specific
drivers difficult (Unsworth et al., 2018). Nevertheless, causal links
between drivers such as water quality or coastal modification and
the loss of seagrass meadows are well documented by many local
studies (Breininger et al., 2017; Dolch et al., 2013; Lefcheck et al.,
2017, 2018). In some locations water quality management strategies
have promoted seagrass recovery (e.g. Cunha et al., 2013; Sherwood
et al., 2017). For example, in Tampa Bay, implementation of water
quality management strategies allowed seagrass meadow area to
recover to a 1950s baseline, despite a human population increase
of ~3 million over that same time period (Sherwood et al., 2017).
These unambiguous studies of coastal development and water qual-
ity on seagrass status might explain why these two drivers of change
were the most frequently invoked by authors, even without local
evidence, in the studies we reviewed, albeit with far weaker strength
of attribution. However, causality is much less clear for most of the
other drivers of change invoked in the studies considered here.

Weak attribution strength is a problem for two reasons. First it
might artificially reinforce confidence in the importance and ubiquity
of some drivers of change, such as water quality and coastal devel-
opment. Second it might lead to overlooking the effects of indirect
or co-occurring multiple drivers of change. For example, while poor
water quality is undoubtedly a problem for many seagrass meadows,
this widely acknowledged issue can sometimes be a consequence
rather than a cause of seagrass loss (e.g. Hiratsuka et al., 2007,
Kendrick et al., 2019; Krause-Jensen et al., 2012; Nowicki et al.,
2017). For instance, despite concurrent coastal development/ur-
banization, water clarity in Lake Nakaumi, Japan, declined only after
the loss of seagrass beds, which was likely initially driven by herbi-
cides used to eradicate an invasive aquatic plant (Hiratsuka et al.,
2007). Furthermore, multiple drivers generally co-occur spatially
and temporally. Aquaculture development, destructive fishing, the
introduction of non-native species, and boating are all more likely to
take place adjacent to or near port development and urban centres.
Moreover, all of these occur against a background of climate change,
which further complicates any clear attribution to drivers, especially
via non-inferential means.

Climate change was not a main driver of seagrass area change
considered by many authors; however, its effects are expected to
increase in the future. Marine ecosystems are expected to experi-
ence a higher frequency and intensity of extreme conditions such
as heatwaves and increased storm frequency and intensity (Collins
etal.,, 2019; Smale et al., 2019). While single extreme events have re-
sulted in immediate and drastic loss of seagrass meadows (Kendrick
et al,, 2019; Oprandi et al., 2020), repeated occurrences and/or
extreme and catastrophic events can reduce meadow resilience to
multiple stressors (Kendrick et al., 2019; Krause-Jensen et al., 2021).
Conversely, in some bioregions such as the Temperate North Pacific,
poleward range shifts are expected to occur and may lead to gains
outside of historical ranges (Wilson et al., 2019). With the increase in
high-quality global datasets on pressures and environmental change,
future efforts can use high-resolution and hindcasted datasets to

attribute drivers to trends in seagrass meadow area, identify vul-
nerable sites and identify regions where monitoring of range shifts
should be expanded.

In conclusion, the global outlook for seagrass meadows is that
declines are continuing, but considerable nature- and management-
driven variability in meadow area creates opportunities for recovery.
The consistent, global patterns of loss are a concern and likely reflect
the growing number and intensity of human impacts that threaten
seagrass meadows. In some regions the loss over the past century
has been rapid and large, and in others, there is a pattern of slower,
less spectacular but more insidious loss. Because early data, espe-
cially from before the 1940s, are limited, seagrass meadows, like
many other ecosystems, are likely subject to shifting baselines; we
can therefore neither estimate nor even conceive the true extent
of losses in some bioregions. Importantly, we need to improve our
attribution of changes in seagrass area to specific human activities
to understand the local context of trends in seagrass meadow area
and to improve management. Certainty in attribution will continue
to be challenging because of the ubiquitous presence of multiple
stressors and confounding variables, and the often-unclear causal
links between human activities and the consequent changes in envi-

ronmental variables.

ACKNOWLEDGEMENTS

This research was supported by the Natural Sciences and Engineering
Research Council [CGSD3-518641-2018] (JCD) and by NSERC
Canadian Healthy Oceans Network and its Partners: Department of
Fisheries and Oceans Canada and INREST (representing the Port of
Sept-iles and City of Sept-iles) (JCD, IMC). CJB was supported by a
Discovery Early Career Researcher Award (DE160101207) from the
Australian Research Council. CJB, RMC, MPT and IMC were sup-
ported by a Discovery Project from the Australian Research Council
(DP180103124). CJB and RMC acknowledge funding support from
The Global Wetlands Project (GLOW), supported by a charitable or-
ganization which neither seeks nor permits publicity for its efforts.

DATA AVAILABILITY STATEMENT
The data and code that support the findings of this study are openly
available on Github at http://doi.org/10.5281/zenod0.4743275.

ORCID

Jillian C. Dunic
Christopher J. Brown
Mischa P. Turschwell

https://orcid.org/0000-0002-0729-3083
https://orcid.org/0000-0002-7271-4091
https://orcid.org/0000-0002-6307-9604

REFERENCES

Adams, M. P., Ghisalberti, M., Lowe, R. J., Callaghan, D. P,, Baird, M. E.,
Infantes, E., & O'Brien, K. R. (2018). Water residence time controls
the feedback between seagrass, sediment and light: Implications
for restoration. Advances in Water Resources, 117, 14-26. https://
doi.org/10.1016/j.advwatres.2018.04.004

Aioi, K., & Nakaoka, M. (2003). Seagrasses of Japan. In E. P. Green, & F.
T. Short (Eds.), World atlas of seagrasses (pp. 185-192). University
of California.

8518017 SUOWWIOD AIIa.D 8|qeot[dde 8y A pauienob ae Sspiie YO ‘8sn Jo sa|n. 10} AfeIq1T8UlUO 8|1 UO (SUORIPUOD-PUR-SLLIBIALIOD"AB | 1M ARIq 1 UI|UO//STIY) SUORIPUOD pue SWe 1 8y} 88S *[202/y0/y2] U0 AflqiTaulluo A8]IM ‘SorelIWECe] Vel uNeURIY00D AQ #89ST GOB/TTTT 0T/I0pAW0D A8 M Afe.d 1 jpuluo//:Sdny wouy pepeojumod ‘LT ‘T20Z ‘98v2S9ET


http://doi.org/10.5281/zenodo.4743275
https://orcid.org/0000-0002-0729-3083
https://orcid.org/0000-0002-0729-3083
https://orcid.org/0000-0002-7271-4091
https://orcid.org/0000-0002-7271-4091
https://orcid.org/0000-0002-6307-9604
https://orcid.org/0000-0002-6307-9604
https://doi.org/10.1016/j.advwatres.2018.04.004
https://doi.org/10.1016/j.advwatres.2018.04.004

DUNIC eT AL.

Blake, S., & Ball, D. (2001). Seagrass mapping of Port Phillip Bay. Marine
and Freshwater Resources Institute.

Breininger, D. R., Breininger, R. D., & Hall, C. R. (2017). Effects of sur-
rounding land use and water depth on seagrass dynamics relative
to a catastrophic algal bloom. Conservation Biology, 31(1), 67-75.
https://doi.org/10.1111/cobi.12791

Bricker, S. B., Longstaff, B., Dennison, W., Jones, A., Boicourt, K., Wicks,
C., & Woerner, J. (2008). Effects of nutrient enrichment in the na-
tion's estuaries: A decade of change. Harmful Algae, 8(1), 21-32.
https://doi.org/10.1016/j.hal.2008.08.028

Bromberg, K. D., & Bertness, M. D. (2005). Reconstructing New England
salt marsh losses using historical maps. Estuaries, 28(6), 823-832.

Christie, A. P., Amano, T., Martin, P. A., Petrovan, S. O., Shackelford,
G. E., Simmons, B. I., Smith, R. K., Williams, D. R., Wordley, C. F.
R., & Sutherland, W. J. (2020). The challenge of biased evidence
in conservation. Conservation Biology, 35(1), 249-262. https://doi.
org/10.1111/cobi.13577

Collins, M., Sutherland, M., Bouwer, L., Cheong, S.-M., Frélicher, T., Jacot
Des Combes, H., Koll Roxy, M., Losada, I., Mclnnes, K., Ratter,
B., Rivera-Arriaga, E., Susanto, R. D., Swingedouw, D., & Tibig, L.
(2019). Extremes, abrupt changes and managing risk. In H.-O.
Portner, D. C. Roberts, V. Masson-Delmotte, P. Zhai, M. Tignor,
E. Poloczanska, K. Mintenbeck, A. Alegria, M. Nicolai, A. Okem, J.
Petzold, B. Rama, & N. M. Weyer (Eds.), IPCC special report on the
ocean and cryosphere in a changing climate; in press. https://www.
ipcc.ch/srocc/cite-report/

Cotton, A. D. (1933). Disappearance of Zostera marina. Nature, 132(3329),
277. https://doi.org/10.1038/132277a0

Csada, R. D., James, P. C., & Espie, R. H. M. (1996). The “file drawer prob-
lem” of non-significant results: Does it apply to biological research?
Oikos, 76(3), 591-593. https://doi.org/10.2307/3546355

Cunha, A. H., Assis, J. F., & Serrdo, E. A. (2013). Seagrasses in Portugal:
A most endangered marine habitat. Aquatic Botany, 104, 193-203.
https://doi.org/10.1016/j.aquabot.2011.08.007

de los Santos, C. B., Krause-Jensen, D., Alcoverro, T., Marba, N., Duarte,
C. M., van Katwijk, M. M., Pérez, M., Romero, J., Sdnchez-Lizaso,
J. L, Roca, G., Jankowska, E., Pérez-Lloréns, J. L., Fournier, J.,
Montefalcone, M., Pergent, G., Ruiz, J. M., Cabaco, S., Cook, K.,
Wilkes, R. J., ... Santos, R. (2019). Recent trend reversal for declin-
ing European seagrass meadows. Nature Communications, 10(1),
https://doi.org/10.1038/s41467-019-11340-4

Dolch, T., Buschbaum, C., & Reise, K. (2013). Persisting intertidal
seagrass beds in the northern Wadden Sea since the 1930s.
Journal of Sea Research, 82, 134-141. https://doi.org/10.1016/j.
seares.2012.04.007

Dolch, T., Folmer, E. O., Frederiksen, M. S., Herlyn, M., van Katwijk, M.
M., Kolbe, K., Krause-Jensen, D., Schmedes, P., & Westerbeek,
E. P. (2017). Seagrass. In R. Strempel, A. Bostelmann, J. Busch,
& S. Klépper (Eds.), Wadden sea quality status report 2017 (p. 24).
Common Wadden Sea Secretariat. https://qsr.waddensea-world
heritage.org/reports/introduction

Duarte, C. M., Conley, D. J., Carstensen, J., & Sanchez-Camacho, M.
(2009). Return to neverland: Shifting baselines affect eutrophica-
tion restoration targets. Estuaries and Coasts, 32(1), 29-36. https://
doi.org/10.1007/s12237-008-9111-2

Figueiredo da Silva, J., Duck, R. W., & Catarino, J. B. (2004). Seagrasses
and sediment response to changing physical forcing in a coastal la-
goon. Hydrology and Earth System Sciences, 8(2), 151-159. https://
doi.org/10.5194/hess-8-151-2004

Godet, L., Fournier, J., van Katwijk, M., Olivier, F., Le Mao, P., & Retiére,
C. (2008). Before and after wasting disease in common eelgrass
Zostera marina along the French Atlantic coasts: A general overview
and first accurate mapping. Diseases of Aquatic Organisms, 79, 249~
255. https://doi.org/10.3354/dac01897

Gonzalez, A., Cardinale, B. J., Allington, G. R. H., Byrnes, J., Arthur
Endsley, K., Brown, D. G., Hooper, D. U, Isbell, F., O'Connor, M.

Y i ey L

I., & Loreau, M. (2016). Estimating local biodiversity change: A cri-
tique of papers claiming no net loss of local diversity. Ecology, 97(8),
1949-1960. https://doi.org/10.1890/15-1759.1

Grech, A., Chartrand-Miller, K., Erftemeijer, P., Fonseca, M., McKenzie,
L., Rasheed, M., Taylor, H., & Coles, R. (2012). A comparison of
threats, vulnerabilities and management approaches in global
seagrass bioregions. Environmental Research Letters, 7(2), 024006.
https://doi.org/10.1088/1748-9326/7/2/024006

Griffiths, L. L., Connolly, R. M., & Brown, C. J. (2020). Critical gaps in sea-
grass protection reveal the need to address multiple pressures and
cumulative impacts. Ocean & Coastal Management, 183, 104946.
https://doi.org/10.1016/j.ocecoaman.2019.104946

Halpern, B. S., Frazier, M., Afflerbach, J., Lowndes, J. S., Micheli,
F., O'Hara, C., Scarborough, C., & Selkoe, K. A. (2019). Recent
pace of change in human impact on the world’s ocean. Scientific
Reports, 9(1), 11609. https://doi.org/10.1038/s41598-019-
47201-9

Halpern, B. S., Frazier, M., Potapenko, J., Casey, K. S., Koenig, K., Longo,
C., Lowndes, J. S., Rockwood, R. C., Selig, E. R., Selkoe, K. A., &
Walbridge, S. (2015). Spatial and temporal changes in cumulative
human impacts on the world’s ocean. Nature Communications, 6(1).
https://doi.org/10.1038/ncomms8615

Harcourt, W. D., Briers, R. A., & Huxham, M. (2018). The thin(ning) green
line? Investigating changes in Kenya's seagrass coverage. Biology
Letters, 14(11), 20180227. https://doi.org/10.1098/rsbl.2018.0227

Hiratsuka, J., Yamamuro, M., & Ishitobi, Y. (2007). Long-term change in
water transparency before and after the loss of eelgrass beds in
an estuarine lagoon, Lake Nakaumi. Japan. Limnology, 8(1), 53-58.

Holon, F., Boissery, P., Guilbert, A., Freschet, E., & Deter, J. (2015). The
impact of 85 years of coastal development on shallow seagrass
beds (Posidonia oceanica L. (Delile)) in South Eastern France: A
slow but steady loss without recovery. Estuarine, Coastal and Shelf
Science, 165, 204-212. https://doi.org/10.1016/j.ecss.2015.05.017

Hughes, B. B., Eby, R., Van Dyke, E., Tinker, M. T., Marks, C. I., Johnson,
K. S., & Wasson, K. (2013). Recovery of a top predator mediates
negative eutrophic effects on seagrass. Proceedings of the National
Academy of Sciences of the United States of America, 110(38), 15313~
15318. https://doi.org/10.1073/pnas.1302805110

Kendrick, G. A., Nowicki, R. J., Olsen, Y. S., Strydom, S., Fraser, M. W.,
Sinclair, E. A., Statton, J., Hovey, R. K., Thomson, J. A., Burkholder,
D. A., McMahon, K. M., Kilminster, K., Hetzel, Y., Fourqurean, J.
W., Heithaus, M. R., & Orth, R. J. (2019). A systematic review of
how multiple stressors from an extreme event drove ecosystem-
wide loss of resilience in an iconic seagrass community. Frontiers in
Marine Science, 6. https://doi.org/10.3389/fmars.2019.00455

Kilminster, K., McMahon, K., Waycott, M., Kendrick, G. A., Scanes, P,,
McKenzie, L., O'Brien, K. R., Lyons, M., Ferguson, A., Maxwell, P.,
Glasby, T., & Udy, J. (2015). Unravelling complexity in seagrass
systems for management: Australia as a microcosm. Science of the
Total Environment, 534, 97-109. https://doi.org/10.1016/j.scito
tenv.2015.04.061

Krause-Jensen, D., Duarte, C. M., Sand-Jensen, K., & Carstensen, J.
(2021). Century-long records reveal shifting challenges to sea-
grass recovery. Global Change Biology, 27(3), 563-575. https://doi.
org/10.1111/gcb.15440

Krause-Jensen, D., Markager, S., & Dalsgaard, T. (2012). Benthic and pe-
lagic primary production in different nutrient regimes. Estuaries and
Coasts, 35(2), 527-545.

Lamb, J. B., van de Water, J. A. J. M., Bourne, D. G., Altier, C., Hein, M. Y.,
Fiorenza, E. A., Abu, N., Jompa, J., & Harvell, C. D. (2017). Seagrass
ecosystems reduce exposure to bacterial pathogens of humans,
fishes, and invertebrates. Science, 355(6326), 731-733. https://doi.
org/10.1126/science.aal1956

Larkum, A. W. D., & West, R. J. (1990). Long-term changes of seagrass
meadows in Botany Bay, Australia. Aquatic Botany, 37(1), 55-70.
https://doi.org/10.1016/0304-3770(90)90064-R

8518017 SUOWWIOD AIIa.D 8|qeot[dde 8y A pauienob ae Sspiie YO ‘8sn Jo sa|n. 10} AfeIq1T8UlUO 8|1 UO (SUORIPUOD-PUR-SLLIBIALIOD"AB | 1M ARIq 1 UI|UO//STIY) SUORIPUOD pue SWe 1 8y} 88S *[202/y0/y2] U0 AflqiTaulluo A8]IM ‘SorelIWECe] Vel uNeURIY00D AQ #89ST GOB/TTTT 0T/I0pAW0D A8 M Afe.d 1 jpuluo//:Sdny wouy pepeojumod ‘LT ‘T20Z ‘98v2S9ET


https://doi.org/10.1111/cobi.12791
https://doi.org/10.1016/j.hal.2008.08.028
https://doi.org/10.1111/cobi.13577
https://doi.org/10.1111/cobi.13577
https://www.ipcc.ch/srocc/cite-report/
https://www.ipcc.ch/srocc/cite-report/
https://doi.org/10.1038/132277a0
https://doi.org/10.2307/3546355
https://doi.org/10.1016/j.aquabot.2011.08.007
https://doi.org/10.1038/s41467-019-11340-4
https://doi.org/10.1016/j.seares.2012.04.007
https://doi.org/10.1016/j.seares.2012.04.007
https://qsr.waddensea-worldheritage.org/reports/introduction
https://qsr.waddensea-worldheritage.org/reports/introduction
https://doi.org/10.1007/s12237-008-9111-2
https://doi.org/10.1007/s12237-008-9111-2
https://doi.org/10.5194/hess-8-151-2004
https://doi.org/10.5194/hess-8-151-2004
https://doi.org/10.3354/dao01897
https://doi.org/10.1890/15-1759.1
https://doi.org/10.1088/1748-9326/7/2/024006
https://doi.org/10.1016/j.ocecoaman.2019.104946
https://doi.org/10.1038/s41598-019-47201-9
https://doi.org/10.1038/s41598-019-47201-9
https://doi.org/10.1038/ncomms8615
https://doi.org/10.1098/rsbl.2018.0227
https://doi.org/10.1016/j.ecss.2015.05.017
https://doi.org/10.1073/pnas.1302805110
https://doi.org/10.3389/fmars.2019.00455
https://doi.org/10.1016/j.scitotenv.2015.04.061
https://doi.org/10.1016/j.scitotenv.2015.04.061
https://doi.org/10.1111/gcb.15440
https://doi.org/10.1111/gcb.15440
https://doi.org/10.1126/science.aal1956
https://doi.org/10.1126/science.aal1956
https://doi.org/10.1016/0304-3770(90)90064-R

DUNIC eT AL.

Lefcheck, J. S., Orth, R. J., Dennison, W. C., Wilcox, D. J., Murphy, R. R.,
Keisman, J., Gurbisz, C., Hannam, M., Landry, J. B., Moore, K. A.,
Patrick, C. J., Testa, J., Weller, D. E., & Batiuk, R. A. (2018). Long-
term nutrient reductions lead to the unprecedented recovery of
a temperate coastal region. Proceedings of the National Academy
of Sciences of the United States of America, 115(14), 3658-3662.
https://doi.org/10.1073/pnas.1715798115

Lefcheck, J. S., Wilcox, D. J., Murphy, R. R,, Marion, S. R., & Orth, R. J.
(2017). Multiple stressors threaten the imperiled coastal founda-
tion species eelgrass (Zostera marina) in Chesapeake Bay, USA.
Global Change Biology, 23(9), 3474-3483. https://doi.org/10.1111/
gcbh.13623

Lotze, H. K. (2006). Depletion, degradation, and recovery potential of
estuaries and coastal seas. Science, 312(5781), 1806-1809. https://
doi.org/10.1126/science.1128035

Marba, N., Duarte, C. M., Cebrian, J., Gallegos, M. E., Olesen, B., & Sand-
Jensen, K. (1996). Growth and population dynamics of Posidonia
oceanica on the Spanish Mediterranean coast: Elucidating seagrass
decline. Marine Ecology Progress Series, 137, 203-213.

McClanahan, T. R., Graham, N. A., & Darling, E. S. (2014). Coral reefs
in a crystal ball: Predicting the future from the vulnerability of
corals and reef fishes to multiple stressors. Current Opinion in
Environmental Sustainability, 7, 59-64. https://doi.org/10.1016/j.
cosust.2013.11.028

McDevitt-Irwin, J., lacarella, J., & Baum, J. (2016). Reassessing the nurs-
ery role of seagrass habitats from temperate to tropical regions: A
meta-analysis. Marine Ecology Progress Series, 557,133-143. https://
doi.org/10.3354/meps11848

McKenzie, L. J., Nordlund, L. M., Jones, B. L., Cullen-Unsworth, L. C.,
Roelfsema, C., & Unsworth, R. K. F. (2020). The global distribu-
tion of seagrass meadows. Environmental Research Letters, 15(7),
074041. https://doi.org/10.1088/1748-9326/ab7d06

Milne, L. J., & Milne, M. J. (1951). The eelgrass catastrophe. Scientific
American, 184(1), 52-55.

Moksnes, P.-O., Eriander, L., Infantes, E., & Holmer, M. (2018). Local
regime shifts prevent natural recovery and restoration of lost
eelgrass beds along the Swedish west coast. Estuaries and Coasts,
41(6), 1712-1731. https://doi.org/10.1007/s12237-018-0382-y

Moritz, S., & Bartz-Beielstein, T. (2017). imputeTS: Time series miss-
ing value imputation in R. The R Journal, 9(1), 207. https://doi.
org/10.32614/RJ-2017-009

Mtwana Nordlund, L., Koch, E. W., Barbier, E. B., & Creed, J. C. (2016).
Seagrass ecosystem services and their variability across genera
and geographical regions. PLoS One, 11(10), e0163091. https://doi.
org/10.1371/journal.pone.0163091

Nayar, S., Collings, G., Pfennig, P., & Royal, M. (2012). Managing nitro-
gen inputs into seagrass meadows near a coastal city: Flow-on
from research to environmental improvement plans. Marine
Pollution Bulletin, 64(5), 932-940. https://doi.org/10.1016/j.marpo
|1bul.2012.03.005

Nowicki, R., Thomson, J., Burkholder, D., Fourqurean, J., & Heithaus, M.
(2017). Predicting seagrass recovery times and their implications
following an extreme climate event. Marine Ecology Progress Series,
567, 79-93. https://doi.org/10.3354/meps12029

O’Brien, K. R., Waycott, M., Maxwell, P,, Kendrick, G. A., Udy, J. W.,
Ferguson, A. J. P, Kilminster, K., Scanes, P., McKenzie, L. J.,
McMahon, K., Adams, M. P., Samper-Villarreal, J., Collier, C., Lyons,
M., Mumby, P. J., Radke, L., Christianen, M. J. A., & Dennison, W.
C. (2018). Seagrass ecosystem trajectory depends on the rela-
tive timescales of resistance, recovery and disturbance. Marine
Pollution Bulletin, 134, 166-176. https://doi.org/10.1016/j.marpo
1bul.2017.09.006

QO’Connor, M. I., Holding, J. M., Kappel, C. V., Duarte, C. M., Brander, K.,
Brown, C. J., Bruno, J. F., Buckley, L., Burrows, M. T, Halpern, B. S.,
Kiessling, W., Moore, P., Pandolfi, J. M., Parmesan, C., Poloczanska,
E. S., Schoeman, D. S., Sydeman, W. J.,, & Richardson, A. J. (2015).

Strengthening confidence in climate change impact science. Global
Ecology and Biogeography, 24(1), 64-76. https://doi.org/10.1111/
geb.12218

Olesen, B., & Sand-Jensen, K. (1994). Patch dynamics of eelgrass Zostera
marina. Marine Ecology Progress Series, 106, 147-156. https://doi.
org/10.3354/meps106147

Oprandi, A., Mucerino, L., De Leo, F., Bianchi, C. N., Morri, C., Azzola,
A., Benelli, F., Besio, G., Ferrari, M., & Montefalcone, M. (2020).
Effects of a severe storm on seagrass meadows. Science of the
Total Environment, 748, 141373. https://doi.org/10.1016/j.scito
tenv.2020.141373

Orth, R. J., Carruthers, T. J. B., Dennison, W. C., Duarte, C. M.,
Fourqurean, J. W., Heck, K. L., Hughes, A. R., Kendrick, G.
A., Kenworthy, W. J., Olyarnik, S., Short, F. T., Waycott, M., &
Williams, S. L. (2006). A global crisis for seagrass ecosystems.
BioScience, 56(12), 987.

Orth, R. J., Lefcheck, J. S., McGlathery, K. S., Aoki, L., Luckenbach, M.
W., Moore, K. A., Oreska, M. P. J., Snyder, R., Wilcox, D. J., & Lusk,
B. (2020). Restoration of seagrass habitat leads to rapid recovery
of coastal ecosystem services. Science Advances, 6(41), eabc6434.
https://doi.org/10.1126/sciadv.abc6434

Orth, R. J., Moore, K., Marion, S., Wilcox, D., & Parrish, D. (2012). Seed
addition facilitates eelgrass recovery in a coastal bay system. Marine
Ecology Progress Series, 448, 177-195. https://doi.org/10.3354/
meps09522

Pauly, D. (1995). Anecdotes and the shifting baseline syndrome of
fisheries. Trends in Ecology & Evolution, 10(10), 430. https://doi.
org/10.1016/50169-5347(00)89171-5

Pedersen, E. J., Miller, D. L., Simpson, G. L., & Ross, N. (2019). Hierarchical
generalized additive models in ecology: An introduction with mgcv.
PeerJ, 7, https://doi.org/10.7717/peerj.6876

Petus, C., Collier, C., Devlin, M., Rasheed, M., & McKenna, S. (2014).
Using MODIS data for understanding changes in seagrass meadow
health: A case study in the Great Barrier Reef (Australia). Marine
Environmental Research, 98, 68-85. https://doi.org/10.1016/j.
marenvres.2014.03.006

Rasheed, M. A. (2004). Recovery and succession in a multi-species trop-
ical seagrass meadow following experimental disturbance: The role
of sexual and asexual reproduction. Journal of Experimental Marine
Biology and Ecology, 310(1), 13-45. https://doi.org/10.1016/j.jembe.
2004.03.022

Rohatgi, A. (2018). Webplotdigitizer (3.12) [Computer software]. https://
automeris.io/WebPlotDigitizer

Rosenthal, R. (1979). The file drawer problem and tolerance for null re-
sults. Psychological Bulletin, 86(3), 638-641.

Saunders, M. |., Doropoulos, C., Bayraktarov, E., Babcock, R. C., Gorman,
D., Eger, A. M., Vozzo, M. L., Gillies, C. L., Vanderklift, M. A., Steven,
A. D. L., Bustamante, R. H., & Silliman, B. R. (2020). Bright spots
in coastal marine ecosystem restoration. Current Biology, 30(24),
R1500-R1510. https://doi.org/10.1016/j.cub.2020.10.056

Seddon, S., Connolly, R. M., & Edyvane, K. S. (2000). Large-scale seagrass
dieback in northern Spencer Gulf, South Australia. Aquatic Botany,
66(4), 297-310. https://doi.org/10.1016/50304-3770(99)00080-7

Sherwood, E. T., Greening, H. S., Johansson, J. R., Kaufman, K., &
Raulerson, G. E. (2017). Tampa Bay (Florida, USA): Documenting
seagrass recovery since the 1980's and reviewing the benefits.
Southeastern Geographer, 57(3), 294-319.

Short, F., Carruthers, T., Dennison, W., & Waycott, M. (2007). Global
seagrass distribution and diversity: A bioregional model. Journal
of Experimental Marine Biology and Ecology, 350(1-2), 3-20. https://
doi.org/10.1016/j.jembe.2007.06.012

Sinclair, E. A., Sherman, C. D. H., Statton, J., Copeland, C., Matthews,
A., Waycott, M., van Dijk, K.-J., Vergés, A., Kajlich, L., McLeod, I.
M., & Kendrick, G. A. (2021). Advances in approaches to seagrass
restoration in Australia. Ecological Management & Restoration, 22(1),
10-21. https://doi.org/10.1111/emr.12452

8518017 SUOWWIOD AIIa.D 8|qeot[dde 8y A pauienob ae Sspiie YO ‘8sn Jo sa|n. 10} AfeIq1T8UlUO 8|1 UO (SUORIPUOD-PUR-SLLIBIALIOD"AB | 1M ARIq 1 UI|UO//STIY) SUORIPUOD pue SWe 1 8y} 88S *[202/y0/y2] U0 AflqiTaulluo A8]IM ‘SorelIWECe] Vel uNeURIY00D AQ #89ST GOB/TTTT 0T/I0pAW0D A8 M Afe.d 1 jpuluo//:Sdny wouy pepeojumod ‘LT ‘T20Z ‘98v2S9ET


https://doi.org/10.1073/pnas.1715798115
https://doi.org/10.1111/gcb.13623
https://doi.org/10.1111/gcb.13623
https://doi.org/10.1126/science.1128035
https://doi.org/10.1126/science.1128035
https://doi.org/10.1016/j.cosust.2013.11.028
https://doi.org/10.1016/j.cosust.2013.11.028
https://doi.org/10.3354/meps11848
https://doi.org/10.3354/meps11848
https://doi.org/10.1088/1748-9326/ab7d06
https://doi.org/10.1007/s12237-018-0382-y
https://doi.org/10.32614/RJ-2017-009
https://doi.org/10.32614/RJ-2017-009
https://doi.org/10.1371/journal.pone.0163091
https://doi.org/10.1371/journal.pone.0163091
https://doi.org/10.1016/j.marpolbul.2012.03.005
https://doi.org/10.1016/j.marpolbul.2012.03.005
https://doi.org/10.3354/meps12029
https://doi.org/10.1016/j.marpolbul.2017.09.006
https://doi.org/10.1016/j.marpolbul.2017.09.006
https://doi.org/10.1111/geb.12218
https://doi.org/10.1111/geb.12218
https://doi.org/10.3354/meps106147
https://doi.org/10.3354/meps106147
https://doi.org/10.1016/j.scitotenv.2020.141373
https://doi.org/10.1016/j.scitotenv.2020.141373
https://doi.org/10.1126/sciadv.abc6434
https://doi.org/10.3354/meps09522
https://doi.org/10.3354/meps09522
https://doi.org/10.1016/S0169-5347(00)89171-5
https://doi.org/10.1016/S0169-5347(00)89171-5
https://doi.org/10.7717/peerj.6876
https://doi.org/10.1016/j.marenvres.2014.03.006
https://doi.org/10.1016/j.marenvres.2014.03.006
https://doi.org/10.1016/j.jembe.2004.03.022
https://doi.org/10.1016/j.jembe.2004.03.022
https://automeris.io/WebPlotDigitizer
https://automeris.io/WebPlotDigitizer
https://doi.org/10.1016/j.cub.2020.10.056
https://doi.org/10.1016/S0304-3770(99)00080-7
https://doi.org/10.1016/j.jembe.2007.06.012
https://doi.org/10.1016/j.jembe.2007.06.012
https://doi.org/10.1111/emr.12452

DUNIC eT AL.

Smale, D. A., Wernberg, T., Oliver, E. C. J., Thomsen, M., Harvey, B. P,,
Straub, S. C., Burrows, M. T., Alexander, L. V., Benthuysen, J. A,,
Donat, M. G., Feng, M., Hobday, A. J., Holbrook, N. J., Perkins-
Kirkpatrick, S. E., Scannell, H. A., Sen Gupta, A., Payne, B. L., &
Moore, P. J. (2019). Marine heatwaves threaten global biodiversity
and the provision of ecosystem services. Nature Climate Change,
9(4), 306-312. https://doi.org/10.1038/s41558-019-0412-1

Telesca, L., Belluscio, A., Criscoli, A., Ardizzone, G., Apostolaki, E. T.,
Fraschetti, S., Gristina, M., Knittweis, L., Martin, C. S., Pergent, G.,
Alagna, A., Badalamenti, F., Garofalo, G., Gerakaris, V., Louise Pace,
M., Pergent-Martini, C., & Salomidi, M. (2015). Seagrass mead-
ows (Posidonia oceanica) distribution and trajectories of change.
Scientific Reports, 5(1). https://doi.org/10.1038/srep12505

Tomasko, D., Alderson, M., Burnes, R., Hecker, J., Leverone, J., Raulerson,
G., & Sherwood, E. (2018). Widespread recovery of seagrass cov-
erage in Southwest Florida (USA): Temporal and spatial trends
and management actions responsible for success. Marine Pollution
Bulletin, 135, 1128-1137. https://doi.org/10.1016/j.marpolbul.2018.
08.049

Uhrin, A. V., & Turner, M. G. (2018). Physical drivers of seagrass spatial
configuration: The role of thresholds. Landscape Ecology, 33(12),
2253-2272. https://doi.org/10.1007/s10980-018-0739-4

UNEP-WCMC, Short F.T. (2021). Global distribution of seagrasses (ver-
sion 7.1). Seventh update to the data layer used in Green and Short
(2003). UN Environment World Conservation Monitoring Centre.
https://doi.org/10.34892/x6r3-d211

Unsworth, R. K. F., Collier, C. J., Waycott, M., Mckenzie, L. J., & Cullen-
Unsworth, L. C. (2015). A framework for the resilience of seagrass
ecosystems. Marine Pollution Bulletin, 100(1), 34-46. https://doi.
org/10.1016/j.marpolbul.2015.08.016

Unsworth, R. K. F., McKenzie, L. J., Collier, C. J., Cullen-Unsworth, L. C.,
Duarte, C. M., EKI6f, J. S., Jarvis, J. C., Jones, B. L., & Nordlund, L. M.
(2018). Global challenges for seagrass conservation. Ambio, 48(8),
801-815. https://doi.org/10.1007/s13280-018-1115-y

van der Heide, T., van Nes, E. H., van Katwijk, M. M., OIff, H., & Smolders,
A.J.P.(2011). Positive feedbacks in seagrass ecosystems - Evidence

) 4109
&= [Blobal Change Biology sAYYA N I 2A'%

from large-scale empirical data. PLoS One, 6(1), e16504. https://doi.
org/10.1371/journal.pone.0016504

Waycott, M., Duarte, C. M., Carruthers, T. J. B., Orth, R. J., Dennison, W.
C., Olyarnik, S., Calladine, A., Fourqurean, J. W., Heck, K. L., Hughes,
A.R.,Kendrick, G. A., Kenworthy, W. J., Short, F. T., & Williams, S. L.
(2009). Accelerating loss of seagrasses across the globe threatens
coastal ecosystems. Proceedings of the National Academy of Sciences
of the United States of America, 106(30), 12377-12381. https://doi.
org/10.1073/pnas.0905620106

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(1), 75-
110. https://doi.org/10.1007/s11160-016-9454-x

Wilson, K. L., Skinner, M. A., & Lotze, H. K. (2019). Projected 21st-
century distribution of canopy-forming seaweeds in the Northwest
Atlantic with climate change. Diversity and Distributions, 25(4), 582-
602. https://doi.org/10.1111/ddi.12897

Wood, S. N. (2011). Fast stable restricted maximum likelihood and marginal
likelihood estimation of semiparametric generalized linear models.
Journal of the Royal Statistical Society: Series B (Statistical Methodology),
73(1), 3-36. https://doi.org/10.1111/j.1467-9868.2010.00749.x

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Dunic JC, Brown CJ, Connolly RM,
Turschwell MP, C6té IM. Long-term declines and recovery of
meadow area across the world’s seagrass bioregions. Glob
Change Biol. 2021;27:4096-4109. https://doi.org/10.1111/
gch.15684

8518017 SUOWWIOD AIIa.D 8|qeot[dde 8y A pauienob ae Sspiie YO ‘8sn Jo sa|n. 10} AfeIq1T8UlUO 8|1 UO (SUORIPUOD-PUR-SLLIBIALIOD"AB | 1M ARIq 1 UI|UO//STIY) SUORIPUOD pue SWe 1 8y} 88S *[202/y0/y2] U0 AflqiTaulluo A8]IM ‘SorelIWECe] Vel uNeURIY00D AQ #89ST GOB/TTTT 0T/I0pAW0D A8 M Afe.d 1 jpuluo//:Sdny wouy pepeojumod ‘LT ‘T20Z ‘98v2S9ET


https://doi.org/10.1038/s41558-019-0412-1
https://doi.org/10.1038/srep12505
https://doi.org/10.1016/j.marpolbul.2018.08.049
https://doi.org/10.1016/j.marpolbul.2018.08.049
https://doi.org/10.1007/s10980-018-0739-4
https://doi.org/10.34892/x6r3-d211
https://doi.org/10.1016/j.marpolbul.2015.08.016
https://doi.org/10.1016/j.marpolbul.2015.08.016
https://doi.org/10.1007/s13280-018-1115-y
https://doi.org/10.1371/journal.pone.0016504
https://doi.org/10.1371/journal.pone.0016504
https://doi.org/10.1073/pnas.0905620106
https://doi.org/10.1073/pnas.0905620106
https://doi.org/10.1007/s11160-016-9454-x
https://doi.org/10.1111/ddi.12897
https://doi.org/10.1111/j.1467-9868.2010.00749.x
https://doi.org/10.1111/gcb.15684
https://doi.org/10.1111/gcb.15684

