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Primary production underpins most ecosystem services, including carbon
sequestration and fisheries. Artificial reefs (ARs) are widely used for
fisheries management. Research has shown that a mechanism by which ARs
in seagrass beds can support fisheries and carbon sequestration is through
increasing primary production via fertilization from aggregating fish
excretion. Seagrass beds are heavily affected by anthropogenic nutrient input
and fishing that reduces nutrient input by consumers. The effect of these
stressors is difficult to predict because impacts of simultaneous stressors
are typically non-additive. We used a long-term experiment to identify the
mechanisms by which simultaneous impacts of sewage enrichment and
fishing alter seagrass production around ARs across non-orthogonal gradients
in human-dominated and relatively unimpacted regions in Haiti and The
Bahamas. Merging trait-based measures of seagrass and seagrass ecosystem
processes, we found that ARs consistently enhanced per capita seagrass
production and maintained ecosystem-scale production despite drastic shifts
in controls on production from human stressors. Importantly, we also show
that coupled human stressors on seagrass production around ARs were
additive, contrasting expectations. These findings are encouraging for
conservation because they indicate that seagrass ecosystems are highly resist-
ant to coupled human stressors and that ARs promote ecosystem services even
in human-dominated ecosystems.

1. Introduction

Humans are altering the movement of nutrients within and among ecosystems
with important consequences for the controls on primary production. This is a
significant conservation issue given that primary production underpins impor-
tant ecosystem services by (i) fixing carbon (C) from the atmosphere, which can
lead to C sequestration and (ii) directly and indirectly supporting resources that
can be harvested for human consumption, e.g. seaweed and fisheries. Among
the most conspicuous stressors to primary producers are the large influxes of
nutrients into ecosystems via municipal, industrial and agricultural waste pro-
ducts [1]—whereby the availability of nitrogen (N) and phosphorus (P) has
increased by approximately 100% and approximately 400% globally [2]. Less
conspicuous is the alteration of consumer nutrient supply through exploitation
and habitat degradation that change consumer communities, e.g. altered size
structure and community composition [3,4]. These two stressors are ubiquitous
and rarely occur in isolation, and it is well established that simultaneous stres-
sors can interact in unpredictable ways [5]. Improving conservation and
management strategies to better mitigate the effects of nutrient pollution
and exploitation requires these stressors to be studied in conjunction under
real-world conditions.

The concomitant alteration of consumer communities and nutrient enrich-
ment is more pronounced in coastal marine ecosystems than possibly any
other ecosystem type [6]. Anthropogenic fertilizer and waste inputs have
vastly increased the availability of nutrients in nearly all coastal ecosystems
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[7]. Fishing pressure has drastically reduced consumer bio-
mass, with critical implications for supply of nutrients to
marine ecosystems [4,8,9]. For example, fishing has reduced
fish nutrient supply to some coral reefs and mangrove ecosys-
tems in the Caribbean by 40% [4] and 80% [10], respectively.
Such changes to nutrient dynamics can be particularly
pronounced in oligotrophic tropical coastal ecosystems.
Experiments on independent effects of consumers [11] and
anthropogenic nutrients [12] have been shown to alter the
controls on primary production. Yet, if and how these simul-
taneous stressors interact to alter the controls of primary
production remains poorly understood and is expected to
be complex.

Understanding how anthropogenic stressors alter primary
production requires (i) baseline knowledge of what factors
control production in unimpacted conditions and (ii) sufficient
a priori understanding of the ecosystem to generate hypotheses
regarding how anthropogenic stressors could change these
controls. Primary production in unimpacted tropical coastal
ecosystems is often P limited [13]. In these systems, fish
excretion is typically high in N relative to P [11,14], whereas
anthropogenic nutrient inputs tend to be dominated by munici-
pal sources, e.g. sewage, which is typically high in P relative
to N [15]. A hypothesis from first principles would thus be
that the loss of fish, and addition of anthropogenic nutrient
supply should reduce P limitation, leading to additional
factors that could otherwise control primary production, i.e.
light, N, or C.

Artificial reefs (ARs) provide an ideal experimental unit
to test this hypothesis under real-world conditions. ARs can
promote high densities of fishes and are widely used for
fisheries restoration in hard-bottom habitats [16-18]. When
constructed in tropical seagrass beds, they have been shown
to create biogeochemical hotspots (BGHs) via nutrient
supply from aggregating fish [11,19-22]. The concentrated
fish-mediated nutrient supply initiates nonlinear responses
in seagrass production that have been identified as the key
mechanism leading to ecosystem-level increases in primary
production [23]. The implications of this are significant for
the sequestration of C because seagrass beds are among the
most important blue carbon ecosystem types globally [24].
It also has important implications for fisheries as the AR-
associated BGHs promote increased invertebrate prey
resources for fishes [25] and ultimately may fuel increased
fish production via bottom-up [26] and top-down mechan-
isms [16]. Yet, the extent of the primary producer response
is dependent on (i) the amount of fish-derived nutrients
provided, and thus fishing pressure, and (ii) the level
of anthropogenic nutrient enrichment in the surrounding
seagrass bed.

In an experiment using ARs in a tropical seagrass bed in The
Bahamas, simulated fishing pressure and nutrient pollution
together shifted nutrient limitation of seagrass growth from
P to N [19]. An additional finding was that the effects of
the simulated stressors were largely additive—and thus had
relatively predictable outcomes based on knowledge of the
independent effects. In temperate seagrass beds, research has
shown that increased nutrients leads to light limitation
of seagrass production due to reduced water clarity from
increased phytoplankton production [27]. Yet, an important
limitation of the study by Allgeier et al. [19] was that because
nutrient pollution was simulated only around the ARs (and
not at the ecosystem scale), additional expected repercussions
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water column algal growth could not be tested. Studying
production around ARs along real-world gradients of
anthropogenic stressors will provide more realistic tests of the
implications of simultaneous stressors for the controls on
primary production.

In this study, we used ARs to experimentally test how
anthropogenic stressors in human-dominated and relatively
unimpacted tropical coastal ecosystems alter the controls
on primary production. We constructed ARs across non-
orthogonal environmental gradients of fishing pressure and
anthropogenic nutrient pollution in The Bahamas and Haiti.
Our goal is not to determine per se which factor, fishing
pressure or nutrient enrichment, has the strongest effect on
production around ARs, but instead to understand how
they alter the controls on seagrass production and how this
affects the potential of ARs to promote seagrass production.
Specifically, we asked three questions:

(1) How do fish and anthropogenic nutrients influence
seagrass production around ARs?

(2) How are seagrass traits and seagrass ecosystem processes
around ARs affected in human-dominated systems
compared to less impacted systems?

(3) How do the controls that underpin seagrass production
around ARs change across a gradient of human impact?

We hypothesized that (i) anthropogenic nutrients would
have an opposing non-additive effect with fish nutrient
supply on primary production near the ARs, (ii) the spatial
extent, effect size and absolute number of seagrass traits
affected by the presence of the ARs would be reduced in
human-dominated systems and (iii) the number of controls
on seagrass production would increase with greater
nutrient enrichment.

2. Methods
(a) Study site

This study took place in two locations on Abaco island,
The Bahamas: the Bight of Old Robinson (N 26 20.392 W
077 00.496), and Man-O-War Cay (N 26 36.372 W 077 01.176)
and on the island of Ile A Vache, Haiti (IAV; N 18.12020 W
073.67102). Six and seven ARs (approx. 1 m wide x 2 m long x
1 m tall) were constructed in The Bahamas and Haiti, respectively
(figure 1), in 2014 from 88 cinder blocks and glued together using
Zspar Marine Epoxy. The ARs were deployed at similar depths of
approximately 3.5-4 m in medium density (641.6 + 156.4 shoots
m™?) seagrass habitats dominated by turtle grass, Thalassia testudi-
num. The Bahamas and Haiti offer useful gradients of fishing
pressure and anthropogenic nutrient pollution (figures 2 and 3).
These gradients are non-orthogonal—fishing pressure can exist
where anthropogenic nutrients are low, but high anthropogenic
nutrients are also often associated with high fishing pressure.
Our a priori expectations were (i) all ARs in Haiti would have
low fish nutrient supply because of high fishing pressure relative
to The Bahamas (J.E.A. and C.L., personal observations), (ii) ARs
in Haiti would experience high levels of nutrient input from
anthropogenic sewage, with some locations experiencing more
than others depending on the proximity to human communities
(H5, H8 are very close to the largest communities on IAV;
figure 1 [22]) and (iii) ARs in The Bahamas would range from no
(LH1-3) to low anthropogenic input (MOW1-3; all near a small
human settlement).
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Figure 1. Map of research locations in (a) Abaco, The Bahamas—inset colours identify locations of (b)) Man-0-War Cay (purple) and (c) Bight of Old Robinson
(maroon). Map of research locations in (d) Haiti—inset colours identify locations of (e) Ile A Vache. AR in (f) Bight of Old Robinson and (g) lle A Vache. Pink dots
identify locations of ARs on (b) (MOW1-3), (¢) (LH1-3) and (e) (H1-H8). White dot in () identifies AR that was destroyed (H7).

(b) Field sampling

Samples and measurements were taken in May and June 2018 at
the AR level and plot level. AR-level measurements consisted of
(i) sediment cores to quantify nutrient content and sediment
characteristics, (ii) fish surveys to quantify fish biomass and
nutrient supply and (iii) water nutrients. Plot-level measure-
ments consisted of T. testudinum variables (e.g. growth rates
and tissue nutrients) and were taken in a spatially explicit
manner around each AR using three transects oriented approxi-
mately 120° apart. Each transect had eight distances (0.5, 1, 2, 3,
4, 6,12 and 20 m from the AR), yielding 24 sampling ‘plots” per
AR (3 transects x 8 distances; each plot was approximately
0.25 m? centred at each distance). Measurements taken at 20 m
were expected to be beyond the extent of the BGH based on
previous research [19-21] and were used as a proxy variable
representing the relative ambient nutrient conditions of each
site [22,28]. ARs in figures are ranked by ambient seagrass %P
as a visual representation of approximate anthropogenic
impact. Both systems in The Bahamas and Haiti are strongly P
limited, and previous studies show that using seagrass nutrient

content is a useful proxy for anthropogenic impacts in these sys-
tems [10,22]. See electronic supplementary material for detailed
descriptions of specific field and laboratory methods including
methods used to estimate fish nutrient supply.

(c) Statistical analyses

Two response variables were used, reflecting attributes of primary
production at different scales: () T. testudinum Shoot Growth
(mm? day™) and (ii) aboveground C Production (g C m~> day™" =
shoot growth (g day™) x tissue %C x shoot density m™>)—a per
capita growth measure and an ecosystem-level measure, respect-
ively. Five plant traits were used as representative proxies for
factors that limit primary production [29]: (i) %N—N limitation,
(ii) %P—P limitation, (iii) 6"°C in seagrass tissue (dry weight)—C
limitation, (iv) specific leaf area (SLA; shoot area (mm?)/shoot
mass (mg))—combined nutrient and light limitation [30] and (v)
leaf area index (LA shoot area (m®) x shoot density (m™)) [31]—
light limitation (figure 3). T-tests (o< 0.05) were used to test if
these variables differed at the AR (1 m) and at the control locations
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Figure 2. Comparison among ARs and The Bahamas and Haiti. Histograms of fish total length in (a) The Bahamas (purple) and (b) Haiti (green)—each line
indicates a given AR, filled distributions are for all ARs in each region. (c) Nitrogen (N) and (d) phosphorus (P) supply by fish communities on all ARs. Seagrass
nutrients for (¢) N and (f) P. In all cases, colours correspond to (a) and (b) for region. **" or ‘n.s.” denote statistically significant differences (o = 0.05), or lack
thereof, respectively, between regions. Sites within each island were ranked based on %P in ambient seagrass (Amb. SG) tissue (increasing darkness = increasing %

P). Total phosphorus = TP; total nitrogen = TN.

20 m from the BGH (figure 2). Three fish community variables
were used to represent nutrient supply from the fish community
(averaged across years for each AR): excretion of N and P
(gm~day™") based on a survey area of 16 m® around and
including the AR and their ratio N:P (molar; figure 2). Three
sediment variables: %N and %P of dry weight and their N: P
ratio were used as an additional representation of the local
nutrient availability.

(i) Question 1: How do fish and anthropogenic nutrients

influence seagrass production around artificial reefs?
To test this question, we ran the following mixed-effect model:

RESP ~ log(DIST) + CNS x log(DIST) -+ AMB x log(DIST)
+ AMB x CNS x log(DIST) + 1|Island /AR, (2.1)

where ‘RESP is either seagrass Shoot Growth (mm?day™) or
aboveground C Production (gm™=day™), ‘DIST is the different
distances at which each seagrass variable was measured
(0.5-12m), ‘CNS’ is consumer-mediated nutrient supply at the
AR level (g N or P m2 day_l, or N : P ratio) and ‘AMB’ is ambient
nutrient enrichment expressed as a continuous measure of sea-
grass nutrient content (%F, %N or N:P molar) 20 m from the
AR. AR’ nested in ‘Island’ was specified as a random effect.
The model was run three ways following Allgeier et al. [19]
whereby all terms in each model were specified for either N, P
or N : P to test which of the three best predicted the two response
variables. Model parameters were logged to meet model

assumptions of normality and heteroscedasticity. Predictors were
standardized (values subtracted by the mean, divided by s.d.) to
reduce multicollinearity caused by the interaction term and the
variance inflation factors to less than 2, and allow direct compari-
son between predictors. Standardized regression coefficients and
marginal and conditional R* values for each component model
were used to compare differences among models. The best-fit
model was evaluated using AICc [32].

(ii) Question 2: How are seagrass traits and seagrass ecosystem
processes around artificial reefs affected in human-dominated

systems compared to less impacted systems?
We addressed this question as a four-step process. (1) To under-
stand which seagrass variables demonstrated a significant
nonlinear response with distance from each AR (0.5 to 12 m) we
ran generalized additive models (GAMs; mgcv package in R [33])
on the relationship between seven seagrass variables (Shoot
Growth, C Production, Seagrass %N, Seagrass %F, Seagrass 8°C,
SLA and LAI) and distance from AR (response—distance)—neither
response nor predictor variables were transformed. We ran a sep-
arate model for each individual AR to test for: (i) statistical
significance (@ <0.05) and (ii) if the GAM was better than a
linear model using AIC, following Allgeier et al. [19] (see details
in electronic supplementary material, table S1 and figure S1). (2)
When a significant nonlinear curve was determined, we quantified
the spatial extent to which seagrass response variables were
affected by the AR. We performed a posterior simulation from
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Figure 3. Comparison among ARs in The Bahamas (purple) and Haiti (green). Island-level means at 1 and 20 m are indicated by black and red dashed bars,
respectively. “**" or 'n.s.” denote statistical significance (¢ = 0.05), or lack thereof, respectively, between islands. Black and red values indicate differences at 1 m and
20 m, respectively. The darkness of the symbol indicates ARs in areas of greater human impacts for each respective region, based on %P in ambient seagrass. See
electronic supplementary material, figure S3, for additional reef-level variables. SLA = specific leaf area; LAl = leaf area index.

the fitted GAM (using the mgcv package in R [33]) to predict 100
sets of response values at each distance, i.e. 100 values from 0.5
to 12m. We used these values to generate 100 simulated
response—distance curves. We performed a changepoint analysis
on each curve (using the three-phase segmented model ‘M111’
from the R package chngpt [34]) to determine the distance that
defined the spatial extent to which each variable of interest was
affected around the AR following Layman et al. [20].

(3) For each AR, we quantified the effect size for each trait for
which a threshold was identified. This effect size was estimated
as the slope by which the trait changed from a distance of 0 (at
the AR) to the threshold (estimated in step 2 above). To do this
we ran a linear model on the predicted values from the GAM
data using only data from the intercept to the threshold.

(4) We tested if ‘Island’ predicted the size or magnitude of the
AR effects on seagrass. To do this, we performed t-tests to com-
pare the mean thresholds and slopes of the two variables with
the most identified thresholds (Shoot Growth, Seagrass %P and
Seagrass 5'°C—see Results). Linear models were run to test if
the spatial extent (thresholds) and the effect sizes (slopes) of
traits were correlated to environmental variables: fish nutrient
supply (N, P, N:P), ambient nutrients (%N, %P, N:P molar of
seagrass at 20 m) and sediment nutrients (%N, %F, N : P molar
of dry weight).

(iii) Question 3: How do the controls that underpin seagrass
production around artificial reefs change across a gradient of

human impact?
For this analysis, we ran separate structural equation models
(SEMs) (using the piecewiseSEM package in R [35]) in four primary
environmental conditions captured by our study. Specifically, we
constructed “AR Models’ for each island using data from distances
1, 2, 3m (n=61, 54 datapoints for Haiti and The Bahamas,

respectively) based on the threshold analysis indicating that the
mean spatial extent of the seagrass effects was approximately
3 m from the AR. We also constructed ‘Ambient Models” for each
island using data from distances 4, 6, 12 and 20m (=71, 79
data points for Haiti and The Bahamas, respectively). For each
model, we tested hypothesized causal relationships, referred to
as ‘pathways’, between seagrass nutrient content (%N and %P),
813C, SLA, LAL Shoot Growth and C Production. Each hypothesized
SEM consisted of four component models (see full hypothesized
model in electronic supplementary material, figure S2):

(1) SLA ~ Seagrass %N + Seagrass %I’

(2) LAI~ Seagrass %N + Seagrass %P

(3) Shoot Growth ~ %N + Seagrass %P + Seagrass §'°C + SLA

(4) C Production ~Seagrass %N + Seagrass %P + Seagrass
8°C+LAI+SLA

From the hypothesized models, we iterated through a stepwise
process to find the best-fit model following [36]: (i) the hypothesized
SEM was run; (ii) non-significant relationships in each component
model were iteratively removed until only significant relationships
were remaining; and (iii) the goodness-of-fit (Fisher’s C statistic)
and AICc were used to assess the fit of the global SEM [35,37].
Model validity of each component model was assessed
by plotting residuals against fitted values and assuring the
variance inflation factor was less than 2. A mixed-effect structure
was used to account for the nested design of our data by including
random effects for ‘Distance’ nested within ‘AR’. We imputed
17 data points of a total of 268 data points in order to run
complete datasets in the piecewiseSEM package [35] (imputation
methods are explained in detail in the electronic supplementary
material). Variables (except for Seagrass §'°C and SLA) were log or
square root transformed to meet model assumptions of normality
and heteroscedasticity. ‘Direct effects’ were quantified as the
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Table 1. Standardized coefficients of predictors of seagrass Shoot Growth and C Production to the BGHs around ARs. The null model has log(Distance) as the  [J}
predictor variable. Additional predictors were added to the null model: phosphorus (P) content, nitrogen (N) content and N:P ratio of consumer-mediated
nutrient supply (CNS) and ambient nutrients (AMB, seagrass tissue 20 m from the ARs). Model marginal R% conditional R” and AlCc are reported. Colon (:)
indicates an interaction between the variables on either side of the colon, and a colon before a term symbolizes an interaction with the term log(DIST).
Significant (p < 0.05) terms in italics.

S

g

3

s

intercept log(DIST) (NS :CNS:AMB g

3

shoot growth =
null 438 —-0.21 N/A N/A N/A 0.06 0.87 300.6 §
p 44 —-0.25 -0.09 0.07 0.02 0.1 0.87 2454 93_)
N 442 —-0.26 -0.10 0.00 0.00 0.09 0.88 2545 -§
N:P 44 —-0.26 0.06 —0.06 —0.01 0.10 0.86 257.0 -
C production ]
null —-1.01 -0.12 N/A N/A N/A 0.02 0.67 3357 :
p —0.96 -0.15 -0.10 0.11 0.03 0.15 0.67 269.4 ]
o

N —0.95 -0.16 —-0.11 0.01 0.00 0.09 0.69 279.2 N
N:P —0.96 -0.16 0.07 —-0.07 —0.02 0.10 0.68 278.7 :
2

S

S

standardized model coefficients for each response variable. ‘Indirect
effects” were quantified as the product of these direct effects along
the pathways in the SEM. ‘Total effects’ were calculated as the
sum of all the direct and indirect effects of a predictor on a response
variable. Standardized regression coefficients for each relationship
and marginal and conditional R* values for each component
model were used to compare differences among models.

A second analysis tested the extent to which per capita sea-
grass production (Shoot Growth) influenced ecosystem-level
seagrass production (C Production) in conditions that were rela-
tively unimpacted by humans, and those that ranged from
moderate to heavily impacted. The following mixed-effects
model was used in two ways, one for unimpacted ARs (3 ARs;
LH1-3, n="72 all distances) and one for impacted ARs (10 ARs;
MOW?1-3 and all ARs in Haiti, n =236 all distances):

C Production ~ Shoot Growth + PRED + 1[Island, (2.2)

where PRED represents one of the variables of interest: Seagrass
%N, Seagrass %F, Seagrass 8"°C, Epiphytes, Herbivory. We were
interested in (i) if the slope of Shoot Growth changed in impacted
relative to unimpacted ARs, (i) the extent to which the model
explained variation in the data, e.g. the R?, and (iii) if additional
variables improved model fit.

3. Results

The Bahamas and Haiti are both carbonate seagrass systems,
characterized by a high inorganic C content in the sediment
(mean +s.d., 11.83 +0.11% and 11.53 + 0.6%, respectively). We
found slightly higher organic C and total N content in the sedi-
ments in Haiti than in The Bahamas (electronic supplementary
material, table S2) likely stemming from increased sedimen-
tation from land-use practices—the island of IAV has steep
grades with heavy agricultural use [38]. Similarly, water
column nitrate was higher in Haiti (almost three times), and
the more enriched sediment §'°N signature in Haiti indicates
sedimentation with a higher proportion of "N rich matter,
such as human waste [39] (electronic supplementary material,
table S2). In contrast with expectations, the water column
in The Bahamas was significantly higher in total P than in
Haiti. Total water column N did not differ between islands.

Fish communities on ARs in The Bahamas were more vari-
able and on average fish were larger (total length) than those
found in Haiti (figure 2). ARs in Haiti tended to have numeri-
cally more and smaller fish (rarely more than 20 cm long).
There was greater variation in fish biomass and excretion
rates (N and P) on ARs in Haiti with greater maximum biomass
than in The Bahamas (electronic supplementary material,
figures S2 and S3).

Seagrass shoots grew significantly faster but were sparser
at both 1 m (at the BGH) and 20 m (i.e. not affected by the
BGH) from the ARs in Haiti than in The Bahamas
(figure 3). Aboveground C production, LAI and seagrass
tissue %N did not differ between islands at either of the dis-
tances. There was, however, a significant difference of SLA,
seagrass tissue %P, shoot density, seagrass tissue §°C and
epiphytes biomass at the 20 m distance between islands. Epi-
phyte DW :shoot DW across all sampling plots ranged
between 0 and 1.6, with a mean (+s.d.) of 0.25 (+0.18) and
corresponds well with previous studies on T. testudinum
[40,41]. Seagrass leaf herbivory was slightly stronger in
Haiti and significantly differed at ambient levels. Herbivory
on seagrass in our study system tended to be largely from:
small parrotfish which were quantified from bite marks on
the seagrass blades; invertebrates that feed largely on the epi-
phytes on the seagrass; and turtles that are present in The
Bahamas, but were never observed in Haiti (J.LE.A. and
C.L., personal observations).

(a) Question 1: How do fish and anthropogenic
nutrients influence seagrass production around
artificial reefs?

A number of positive effects of ARs on seagrass production
were identified by significant negative relationships between
the two response measures of seagrass production (Shoot
Growth and C Production) and distance from the AR (table 1).
Fish nutrient supply enhanced the AR effect (negative inter-
action term with distance), and anthropogenic P reduced the
AR effect (positive interaction term with distance). N : P ratio
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from the remaining seagrass traits.

had the opposite effect, in that the higher N: P ratio of fish
nutrients reduced the AR (positive interaction term with dis-
tance) while higher N:P ratio of anthropogenic nutrients
enhanced it (negative interaction term with distance). The
effects of fish excretion and ambient nutrients were additive,
that is, anthropogenic inputs additively reduced the positive
effect of fish-mediated nutrients around the AR (ie. no
three-way interaction term with distance).

All models explained substantial variation in the data
(approx. 0.87 for Shoot Growth and approx 0.67 for
C Production) but, this variation was primarily explained by
the nested random effects of AR within island suggesting
that greater variation in the data could be explained by differ-
ences among islands and among ARs within islands. For both
Shoot Growth and C Production, the P models were favoured
according to the AICc and explained the most variation in
the data. The N : P ratio model explained slightly more vari-
ation than the N model for both response variables.

(b) Question 2: How are seagrass traits and seagrass
ecosystem processes around artificial reefs affected
in human-dominated systems compared to less
impacted systems?

We found numerically more variables were affected by the AR
in less impacted sites of The Bahamas, than in Haiti. This was

demonstrated by a significant nonlinear relationship between a
response variable and distance from the AR (figure 4a). Across
all traits and processes we found that 60% of the relationships
with distance from ARs in The Bahamas were nonlinear, in con-
trast with 30% in Haiti (figure 4b; electronic supplementary
material, figure S4). Shoot Growth and Seagrass %P were the
two response variables that had numerically the most signifi-
cant nonlinear relationships across ARs. The only two ARs
(H5 and HB8) for which Seagrass %P did not have a nonlinear
relationship were in Haiti and both were heavily influenced
by human sewage (e.g. sediment variables; H5, HS, figure 2).

The spatial extent to which ARs affect seagrass traits was on
average between 2 and 3 m as determined by threshold ana-
lyses run on significant GAMs (figure 4c). Interestingly, mean
threshold values for Seagrass Growth, Seagrass %P and Seagrass
8°C, the parameters of which we could compare the thresholds
(greater than 2 thresholds per island), did not differ between
islands. The effect size of ARs on Seagrass %P was greater
(more negative) in The Bahamas than Haiti (figure 4d)—no
differences between islands were found for Shoot Growth
(figure 4d). The response of Seagrass §'°C was contrasting
between the two islands, with 6'°C increasing with increasing
distance in The Bahamas, but decreasing with distance in Haiti.

The spatial extent (threshold) and effect size by which
ARs affected Seagrass %P were positively related to Sediment
%N (electronic supplementary material, table S3) and Sedi-
ment %P (electronic supplementary material, table S3). The
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effect size by which ARs affected Seagrass 5'>C was negatively
related to Ambient Seagrass %P and Sediment %P and posi-
tively related to Ambient Seagrass N : P. We found no effects
of consumer-mediated nutrients nor ambient nutrients on
Shoot Growth thresholds or slopes.

() Question 3: How do the controls that underpin
seagrass production around artificial reefs change

across a gradient of human impact?

Four SEMs were used to test two hypotheses: (i) there
are fewer overall pathways in The Bahamas due to strong P
limitation of seagrass production [11] and (ii) there are
more controls on production (increased number of pathways)
with increasing enrichment from fish and humans indicating
a shift away from strong nutrient limitation to other controls
on production.

Consistent with our first hypothesis, the ambient seagrass
production model (Ambient Model) in The Bahamas had the
fewest significant pathways of all models (two total)
(figure 5). These pathways included a strong relationship
between LAI and C Production, and a weaker relationship
between Seagrass %P and C Production indicating light and
P, respectively, were important controls on seagrass pro-
duction. In contrast with the first hypothesis, the AR Model
in The Bahamas had more pathways than the AR Model in
Haiti suggesting more potential indirect and direct controls
on production around the ARs in The Bahamas.

Consistent with the second hypothesis, there were four more
significant pathways in the AR Model than the Ambient Model in
The Bahamas. In the AR Model in The Bahamas, there was an
indication of controls on production other than P. Specifically,
Seagrass %P was strongly (total effect size = 0.36) but indirectly
related to C production via LAl and SLA, and Seagrass %N signifi-
cantly (but weakly) affected C Production. Seagrass %P was also
strongly related to Shoot Growth indicating that per capita sea-
grass production around the AR was more controlled by P
availability than in ambient conditions (figure 5).

Comparing the Ambient Model for Haiti to The Bahamas
provides support for both hypotheses. First, the number of
pathways increased with enrichment (more in the Haiti
Ambient Model). Second, the Haiti Ambient Model demon-
strated a shift away from strong P limitation in two ways:
(i) the strength of the relationship between Seagrass %P and
C Production was reduced in the Haiti Ambient Model and
(ii) Seagrass %N was now positively related to both Shoot
Growth and C Production in Haiti.

In contrast with our hypothesis, the number of significant
pathways did not change from the Haiti Ambient Model to the
AR Model. Additionally, the AR Model in Haiti, which has
more anthropogenic nutrients than in The Bahamas, had
fewer pathways than the AR Model in The Bahamas. How-
ever, we did see additional shifts in controls on Seagrass
Growth and C Production with increased enrichment whereby
in the most enriched model—the Haiti AR Model—C Pro-
duction and Shoot Growth were controlled by Seagrass %P
and Seagrass §"°C, indicating colimitation of P and C.
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Across all models, LAI was by far the strongest predictor
of C Production (figure 5). This highlights the importance of
light interception for seagrass production across multiple
environmental settings. Interestingly, comparing the con-
ditional relative to marginal R* indicates that more of the
variation in Shoot Growth and C Production was explained
by variation among ARs in Haiti than in The Bahamas,
while most of the variation in SLA was explained by variation
among ARs in The Bahamas (electronic supplementary
material, table S4).

Directly testing the relationship between C Production and
Seagrass Growth revealed three primary things. First, as
expected there was a strong relationship between these vari-
ables, and the strength of this relationship was relatively
stable across all ARs (standardized effect size: 0.75 and 0.73
in unimpacted and impacted ARs, respectively; electronic
supplementary material, table S5). Second, there was more
variation in this relationship among the impacted ARs than
the unimpacted ARs as indicated by (i) the lack of a signifi-
cant intercept in impacted models and (ii) the high
conditional and low marginal R* in impacted models.
Third, no variable explained additional meaningful variation
in this relationship on either impacted or unimpacted AR,
highlighting that no single factor controlled ecosystem-level
production across ARs.

4. Discussion

A strength of our study is that we took advantage of a widely
applied restoration tool, ARs, as an experimental unit to
achieve two overarching goals: (i) to understand how
common, simultaneous anthropogenic stressors are affecting
the functioning of seagrass ecosystems and (ii) to quantify
the capacity of ARs to increase primary production, and thus
better inform how they can promote ecosystem services in
the face of these stressors. ARs are commonly used for fisheries
restoration in coastal ecosystems [16-18,26] mostly associated
with hard-bottom habitats (coral reefs and coastal shelfs). In
tropical seagrass systems, ARs promote substantial increases
in primary production at the local [11] and ecosystem scales
[23] that can increase energy input to the ecosystem and thus
may simultaneously enhance fisheries and C sequestration.
Our study showed that even in highly impaired ecosystems
ARs consistently promoted increased seagrass production,
highlighting their potential as an effective restoration tool.
Yet, no single factor controlled seagrass production across
study sites. Instead, our study highlights the context-depen-
dent way in which local stressors affect seagrass ecosystems,
and that the underlying mechanisms can be cryptic. Thus, an
additionally important outcome of our work is to underscore
the need for system-specific knowledge to direct appropriate
management for effective outcomes. Our findings are largely
optimistic for the conservation of seagrass ecosystems because
they show seagrass can maintain high rates of production in the
face of even extreme stressors.

ARs consistently promoted increased seagrass production
by releasing seagrass from nutrient limitation to the degree
that under the highest level of enrichment seagrass production
became C limited. We hypothesized that anthropogenic
sewage input should reduce the effect of ARs on seagrass pro-
duction, and that fishing pressure should be non-additive and
further dampen this effect because of reduced fish-mediated

nutrients around the AR. Surprisingly, we did not find any n

non-additive effects of fishing and anthropogenic nutrient
enrichment on seagrass production [5]. Instead, we found
that where fishing was highest (in IAV, Haiti) fish communities
on ARs were high in biomass, at times higher than in relatively
unfished locations in The Bahamas—Ileading to greater fish-
mediated nutrient supply which was highly unexpected. We
do not have data on fishing pressure around IAV, but the
small mean fish body size and near absolute lack of predators
on patch reefs around IAV and in the fish markets (J.E.A. and
C.L., personal observations) are highly indicative of strong fish-
ing pressure. Two possible factors could explain the
unexpectedly high observed fish biomass on ARs in Haiti: (i)
fishes on ARs in Haiti are generally difficult for fishers to
catch with the large seine nets commonly used (J.E.A. and
C.L., personal observations) and (ii) low predation due to the
paucity of larger predatory fishes (barracuda, jacks and
sharks; J.E.A. and C.L., personal observations). The emergent
effect was that the high excretion rates of these communities
functionally (and additively) counteracted the extent to
which anthropogenic enrichment reduced the difference in
production at the AR relative to the open seagrass beds
(AMB term, table 1).

Production in seagrass beds is fundamentally governed by
the availability of light, nutrients and in some systems herbiv-
ory [27,42,43]. In tropical seagrass ecosystems there are fewer
large herbivores (e.g. dugongs and turtles) and high levels of
omnivory, no widespread evidence of trophic cascades as in
temperate systems (e.g. [43]), and previous research suggests
the role of herbivory to be subsidiary to the primary effects
of light and nutrients [22]. In this study, the only significant
effect we found with respect to herbivory was a weak but
positive effect on primary production around ARs in Haiti—
possibly due to excretion from the high density of grazers
that increased primary production (electronic supplementary
material, figure S5). By contrast, we found strong support for
the importance of light and nutrients (see below). Specifically,
LAI—a measure of the ability of seagrass to intercept light—
was the strongest predictor of C Production, an ecosystem-
level measure of production (figure 4). Although seagrass
shoot density per area was used to calculate LAl and C Pro-
duction, neither of these attributes differed substantially
across ARs, whereas shoot density did (figure 3). This indicates
some level of ‘self-thinning’, whereby seagrass reduce shoot
density to compensate for reduced light availability that
occurs when nutrient enrichment increases blade size [44]. In
temperate systems, epiphytes can also reduce light availability
[45], but in our study, they had relatively weak and inconsistent
effects on seagrass production. Including epiphyte biomass
in the SEMs used for Question 3 showed that they had weak
negative effects on Shoot Growth and C Production in open sea-
grass beds in Haiti (Ambient Model) and a weak indicating
some support for potential light limitation. Yet, we also
found a positive effect of epiphyte biomass on Shoot Growth
in The Bahamas around the ARs (AR Model) (electronic sup-
plementary material, figure S6) where epiphyte biomass
levels were similar (see Haiti 20 m and Bahamas 1 m in
figure 3). Taken as a whole, our findings, largely driven by
the strong positive relationship between C Production and LAI
found across all conditions (figure 5), provide substantial evi-
dence that anthropogenic enrichment did not have profound
effects on light limitation as is common in more temperate
regions [42]—in fact the highest growth rates in this study
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were found in the two most impacted sites (H5 and H8) and
represent the upper limit of previously estimated growth
rates [46]. Instead, we identified the availability of key nutrients
as a leading control on primary production in these systems.

Understanding which, and to what extent, seagrass traits
changed as a function of distance from the AR enabled us to
test the hypotheses that: (i) ambient seagrass production is
primarily controlled by P limitation and (ii) seagrass pro-
duction will shift controls to other factors with increases in
nutrient enrichment. Seagrass C Production was relatively uni-
form across all ARs, but ambient seagrass per capita growth
was roughly twice as fast in Haiti (figure 3). Despite this,
the spatial distance by which nutrients provided by fishes
affected seagrass traits around ARs, i.e. the threshold, was
similar in both islands. However, the number of traits that
indicated this spatial effect was substantially greater in The
Bahamas than Haiti (figure 4). Of these traits, Seagrass %P
was significant on more ARs than any other—notably being
significant on fewer ARs in Haiti than The Bahamas. This
supports strong P limitation of seagrass production in these
ecosystems, and that this limitation is reduced in Haiti
because of high levels of anthropogenic (P-rich) nutrient
loading. Interestingly, we found that ARs in systems that
are more affected by anthropogenic nutrients (as indicated
by increased Sediment %N and %P; figure 4; electronic sup-
plementary material, table S3) actually had a greater spatial
effect on seagrasses around the AR, that is, the threshold at
which they affected the surrounding seagrass was greater.
By contrast, ARs in systems that are more affected by anthro-
pogenic nutrients also tended to have smaller effect sizes,
i.e. the difference in a trait between ambient seagrass and
seagrass around the AR was smaller. What is particularly
noteworthy is that despite these clear differences in traits
across ARs, seagrass C Production was relatively constant
across all conditions demonstrating production was
maintained across a gradient of controlling factors.

Our SEM analysis identified potential mechanisms by
which seagrass was able to maintain high production rates
under differing conditions. Specifically, three findings sup-
ported our primary hypotheses. First, open seagrass in The
Bahamas (the Ambient Model) showed the fewest pathways,
indicating that C Production was strongly controlled by only
a few factors as predicted, i.e. light and P (LAI and Seagrass
%P, respectively). Second, the number of controls on seagrass
production increased with fish nutrient input around the ARs
in The Bahamas (AR Model relative to the Ambient Model) and
showed that in addition to light and P, N (Seagrass %N) was
also limiting C Production. Shifts between P and N limitation
in T. testudinum are naturally widespread in this region [47],
and in addition to P-rich fish excretion, respiration of the
high sediment organic matter in Haiti (electronic supplemen-
tary material, table S2) can cause phosphorus dissolution,
releasing phosphate for uptake [28]. Third, N limitation of
seagrass production increased in open seagrass in Haiti
where there are high levels of anthropogenic nutrients with
presumably low N:P due to the relatively high amount of
P in human sewage.

Seagrass production around the ARs in Haiti (AR Model)
somewhat deviated from expectations, but still followed first
principle expectations when considered in light of system-
specific details. C Production around the ARs in Haiti relative
to the ambient conditions in Haiti (Ambient Model) showed a
shift from N limitation to colimitation by P and C, and per

capita Shoot Growth shifted to exclusive P limitation. This [ 10 |

result can be explained by the unexpectedly high loading
rates of fish excretion around ARs in Haiti that is high in N
relative to P in combination with high levels of nutrients
from fishes and anthropogenic sources. Elevated primary pro-
duction and thus demand for C, and high epiphyte biomass
(figure 3) can induce C limitation in seagrass [48]. In this
case, an increase in the heavy '*C isotope may indicate: (i) a
shift in the source of inorganic C by seagrass—from a lighter
13C (e.g. CO,) to a heavier source (e.g. HCO; [49]), (ii) reallo-
cation of C from rhizomes to leaves [46,50] or (iii) less
discrimination against the '*C isotope [51]. The oscillation
between limiting factors across model scenarios represents a
novel component of our study and supports a proposed mech-
anism for nutrient colimitation of primary production [52].

One of the more unexpected findings from our study was
that C Production, an ecosystem-level measure of production,
was relatively uniform across ARs and open seagrass but
Shoot Growth, a per capita measure of production, responded
to the presence of ARs in highly variable ways. Yet, despite
this, Shoot Growth was strongly and positively related (standar-
dized effect size greater than 0.7) with C Production across all
ARs. C Production is the product of Shoot Growth, shoot density
and Seagrass % C, so this outcome is intuitive. Nonetheless, this
relationship is informative because it shows that C Production
was being maintained despite being regulated by different
controls. For example, Shoot Growth explains more of the vari-
ation in C Production around ARs in environments with very
little human impact than those that are impacted (marginal
R*=0.89 versus 0.48, respectively; electronic supplementary
material, table S5). However, no additional covariate explained
the residual variation in the data in either model. This indica-
tes that no single factor was responsible for variation in
C Production across ARs, and instead AR-specific factors are
likely more important (further supported by the fact that the
AR random intercept in the C Production ~ Shoot Growth model
explained approximately 40% of the variation in the data on
impacted ARs; electronic supplementary material, table S5).
These findings support our SEMs, in that seagrass experience
a range of limiting conditions while maintaining production.
This is relevant for conservation because our findings show
that ARs are providing surplus primary production that may
be promoting C sequestration and could fuel higher trophic
levels, even in highly impacted ecosystems.

Our study underscores both the challenges and the utility
of conducting large studies that employ in situ gradients of
human stressors as a central component of the experimental
design. A key challenge is the need to rely on environmental
variables as proxies for the human stressors. Our use of
Seagrass %P 20 m from the AR has been previously used to
document relative anthropogenic input in these systems (see
also [22,28]) and we found substantial differences between
the two islands that supported our expectations. By contrast,
our proxy of fishing pressure (fish nutrient supply) only mar-
ginally reflected the true fishing pressure across our sites.
Despite these challenges, we exploited real-world gradients
in our experimental design and found that seagrass are excep-
tionally resistant to human perturbations and can adapt to a
range of limiting and surplus conditions while maintaining
production. Collectively, our findings provide a very clear
message for the conservation of tropical seagrass ecosystems:
predicting outcomes for seagrass production is feasible
when taking into consideration (i) multiple potential controls
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for production [53] and (ii) system-specific dynamics. The
unexpected nature of some of our findings underscores the
importance of conducting research under real-world con-
ditions to understand often cryptic consequences of global
change on ecosystem processes if we are to effectively
manage ecosystem services.
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