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Abstract
The supply of nutrients from consumer waste products, i.e., consumer-mediated nutrient dynamics, is critical for primary 
production in marine environments, especially in oligotrophic systems. However, human impacts can influence the effects 
of consumer-mediated nutrients in two main ways: (1) overfishing can reduce consumer populations and thus the nutrients 
they supply, (2) anthropogenic nutrient enrichment can shift baselines of nutrient limitation. Previous work has shown that 
artificial reefs create biogeochemical hot spots from which nutrient responses by surrounding primary producers can be 
measured. We constructed eight artificial reefs from 88 cinder blocks in shallow seagrass beds near Ile-a-Vache, Haiti, to 
test for interacting effects of fish-mediated nutrients and anthropogenic nutrients on growth rates of the dominant seagrass, 
Thalassia testudinum, surrounding the artificial reefs. We found that (1) anthropogenic nutrient enrichment appears to be 
the primary factor influencing seagrass growth close to the artificial reef, and (2) despite overall anthropogenic nutrient 
enrichment effects, consumer-mediated nutrients still generate biogeochemical hot spots and the two nutrient sources addi-
tively influence seagrass growth rates. We also found that nitrogen and phosphorus similarly predict seagrass growth rates, 
and better so than their ratio, indicating the supply rates of nitrogen and phosphorus are both limiting seagrass production. 
Results from this study indicate that the effect of anthropogenic nutrients can strongly influence seagrass growth in these 
systems, but consumers can supply a source of nutrients that has additive effects on seagrass growth.

Keywords  Artificial reef · Haiti · Anthropogenic nutrient enrichment · Consumer-mediated nutrients · Seagrass · Fish 
excretion · Food web · Phosphorus · Nitrogen

Introduction

Consumer-mediated nutrient supply influences primary 
production in many ecosystems (Vanni et al. 1997; Evans-
White and Lamberti 2006; Atkinson et al. 2013; Allgeier 
et al. 2017; Sitters et al. 2017). This effect is amplified 
in nutrient-poor environments, such as tropical coastal 

marine ecosystems, where fish represent some of the larg-
est sources of nutrients at the ecosystem-scale (Allgeier 
et al. 2014). For example, Meyer et al. (1983) showed 
that aggregating fishes on a Caribbean reef enhanced 
coral growth by ~ 70% relative to coral with no aggregat-
ing fishes, a finding that has since been demonstrated in 
other coral reef ecosystems (Holbrook et al. 2008; Shantz 
et al. 2015; Huntington et al. 2017; Shaver and Silliman 
2017; Allgeier et  al. 2020). However, anthropogenic 
impacts, such as overfishing and nutrient pollution, two 
of the most prominent stressors to coastal ecosystems 
(Lotze et al. 2006; Pérez-Gómez et al. 2020), can miti-
gate the influence of consumer-mediated nutrient dynam-
ics (CND). For example, fishing can reduce CND supply 
by ~ 85% and ~ 40% in Caribbean mangrove and coral reef 
ecosystems, respectively (Layman et al. 2011; Allgeier 
et al. 2016). By contrast, anthropogenic nutrient enrich-
ment from phosphorus-rich wastewater or nitrogen-rich 
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agricultural runoff increases the availability of limiting 
nutrients (Howarth et al. 2002), thus potentially mitigating 
the importance of CND for primary production (Evans-
White and Lamberti 2006; Allgeier et al. 2018). While the 
evidence that supports the importance of CND for fueling 
the high rates of productivity in tropical coastal ecosys-
tems is now substantial, our understanding of how anthro-
pogenic impacts may be interacting with CND to alter how 
these ecosystems function remains limited.

Quantifying the combined effects of CND, fishing pres-
sure, and nutrient enrichment is a critical challenge, and 
artificial reefs (ARs) have recently emerged as an effective 
experimental tool to quantify such processes (Layman and 
Allgeier 2020). ARs introduce dimensionality to the sea-
floor to create shelter that attracts aggregating fishes (Carr 
and Hixon 1997) that excrete limiting nutrients, such as 
nitrogen (N) and phosphorus (P), close to the AR (Layman 
et al. 2013). In The Bahamas, fish aggregations on ARs 
placed in shallow seagrass beds shift nutrient limitation and 
enhance growth rates of the dominant primary producer, 
common turtle grass, Thalassia testudinum, surrounding 
the AR (Allgeier et al. 2013). The concentrated nutrients 
from aggregating fishes create biogeochemical hot spots that 
enhance seagrass biomass and nutrient content around the 
AR, with the effect reduced with increasing distance from 
the AR (Layman et al. 2013). Allgeier et al. (2018) manipu-
lated fish densities and added fertilizer to simulate overfish-
ing and anthropogenic nutrient enrichment, respectively, and 
found that fertilizer increased T. testudinum growth by up 
to 140% after 2 years of enrichment. Also, the reduction in 
CND increased the richness and evenness of the primary 
producer community. Improving our understanding of the 
interactive effects of fishing pressure and anthropogenic 
nutrient enrichment on CND beyond experimental manipu-
lation requires further study over larger spatial and temporal 
scales.

In this study, we built ARs across sites that are impacted 
by various levels of anthropogenic nutrients and fishing 
pressure in Haiti to test how ecosystem-scale nutrient enrich-
ment may interact with the previously demonstrated positive 
relationship between fish excretion and seagrass growth rate. 
Specifically, we asked the following questions:

1.	 How does anthropogenic nutrient enrichment affect 
seagrass growth rates and to what extent does this alter 
the relationship between consumer-mediated nutrient 
dynamics and seagrass growth rates?

2.	 How does anthropogenic nutrient enrichment affect the 
extent of the biogeochemical hot spot formed by aggre-
gating fish on ARs?

Because anthropogenic nutrient enrichment has the 
potential to alter which nutrient is limiting seagrass growth, 

we additionally tested if seagrass growth rates were better 
predicted by N or P supply rates or the supply ratio of N:P.

We predicted that in areas with high anthropogenic 
nutrient enrichment, the effect of fish excretion on seagrass 
growth will be negligible because production should be 
released from nutrient limitation by anthropogenic nutrient 
enrichment. Also, we expect the biogeochemical hot spot 
formed by aggregating fishes surrounding ARs to be smaller 
in areas of high levels of anthropogenic nutrients. Further-
more, based on previous work indicating P is the most limit-
ing nutrient in seagrass beds in The Bahamas (Fourqurean 
et al. 1992; Allgeier et al. 2010, 2011, 2013), we expect 
that P rather than N availability will be a better predictor of 
seagrass growth rates.

Materials and methods

This study was conducted in shallow seagrass beds (~ 3 m 
deep) on the north side of the island Ile-a-Vache, Haiti 
(18.0676° N, 73.6360° W; Fig. 1). Due to the lack of waste 
management facilities and relatively high inputs of human 
sewage, animal waste, and debris to coastal waters, Ile-a-
Vache offered a useful system to study the impacts of excess 
anthropogenic nutrients on seagrass growth. Eight ARs 
(H1–H8) were constructed in 2014 from 88 cinder blocks 
(each AR: ~ 1 m wide × 2 m long × 1 m tall) in medium den-
sity (316.0 ± 106.3 shoots m−2) seagrass habitats dominated 
by common turtle grass, Thalassia testudinum. AR H7 was 
destroyed during Hurricane Matthew in 2016 and is not 
included in the present study.

This region of Haiti experiences extremely high fish-
ing pressure largely in the form of large seine netting from 
shore, gill netting from small watercraft, fish traps, and 
spear fishing primarily conducted with hand-crafted poles 
fastened with rubber bands cut from bike inner tubes (pers 
obs JEA, MM, CAL). The extent of local fishing pressure 
is determined by a suite of factors including proximity to 
human settlements and settlement size but is highly vari-
able throughout the study region—i.e., fishers can be seen 
equally throughout the areas where we constructed ARs 
(pers obs JEA, MM, CAL). For example, AR H8 was con-
structed directly within a small embayment adjacent to a 
local community, and H5 was constructed within ~ 2 km of 
the largest settlement on the island—Madame Bernard, and 
both locations had the lowest fish biomass, and thus excre-
tion rates (Fig. 2), and would be expected to receive rela-
tively high anthropogenic nutrient inputs. H1–H4, however, 
were constructed in areas further away from settlements, 
but in areas where more fishers were seen on day-to-day 
basis (pers obs JEA, MM, CAL). We expected these areas 
to receive relatively lower point-source anthropogenic inputs 
from communities, despite the potential of additional inputs 
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from a nearby mangrove swamp that receives anthropogenic 
input due to the lack of comprehensive sewage systems on 
the island—H1 being located furthest from potential influ-
ence from this swamp (pers obs JEA, MM, CAL). We did 
not attempt to quantify the extent of fishing on or near our 
experimental ARs or the extent of anthropogenic nutrient 
supply to these areas, as this is well beyond the scope of this 
study. Instead, based on a priori assumptions, we selected 
locations that may provide contrasting levels of fishing and 
anthropogenic inputs that in turn would produce contrasting, 
but non-orthogonal values of consumer-mediated nutrients, 
and seagrass nutrient content (Fig. 2).

In June 2018, seagrass growth rates were measured and 
seagrass samples were collected along three transects (120 
degrees apart) around each AR at eight distances (0.5, 1, 2, 
3, 4, 6, 12, and 20 m; with 2–7 shoots per distance and 2402 
total blades measured). The biogeochemical hot spots around 
ARs in The Bahamas extend 3–4 m from the AR (Lay-
man et al. 2013, 2016); therefore, measurements taken at 

distances of 20 m are expected to be beyond the extent of the 
hot spot and can be used as a proxy variable that represents 
the relative extent of anthropogenic nutrient enrichment 
at each site, but that are not appreciably affected by fishes 
aggregating around the AR—we call this herein the ‘con-
trol distance’ (Supp Mats. 1, Supp Mats. 2). Three response 
variables were measured at each distance on each transect: 
seagrass blade growth rate, % N, and % P of seagrass blade 
tissue. The number of bite marks from grazing fishes (typi-
cally parrotfish in this system) were also counted per shoot 
to account for potential top-down grazing effects. The nutri-
ent content of seagrass blades has been widely used to assess 
nutrient availability in coastal ecosystems (Fourqurean et al. 
1992; Fourqurean and Zieman 2002a, b; Ferdie and Fourqu-
rean 2004; Armitage et al. 2005). It reflects anthropogenic 
nutrient conditions over a relatively long time frame (i.e., 
months) and is a better estimate of long-term anthropogenic 
nutrient availability than water column nutrients in similar 
ecosystems in the region (Fourqurean and Zieman 2002a, 

Fig. 1   a Photograph of an AR cinder block structure. b Map of ARs located around the island of Ile-a-Vache in Haiti. Yellow stars denote AR 
locations with H1–H8 in order from east to west. c Map showing the location of Ile-a-Vache, Haiti. Source: Google Earth
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b; Allgeier et al. 2010, 2011). Seagrass growth rates were 
estimated by using the standard blade hole-punching pro-
tocol (Zieman 1974). Seagrass blades were punched with a 
12-gauge hypodermic needle and grew for 5–12 days before 
being collected, frozen, and shipped to the University of 
Michigan. In the laboratory, T. testudinum shoots and blades 
were rinsed with deionized water, growth was measured, and 
the blades were scraped to remove epiphytes. Blades were 
dried in a lyophilizer (Labconco, FreeZone) for 24 h and 
ground to a powder with a ball mill grinder (Precellys Evolu-
tion) following Allgeier et al. (2018). Ground samples were 
analyzed for N content (i.e., %N of dry mass) with a CHN 
Carlo-Erba elemental analyzer (FISONS NA1500) and for P 
using dry oxidation–acid hydrolysis extraction followed by 
a colorimetric analysis (Fourqurean and Zieman 2002a, b).

Underwater visual censuses were performed by a single 
observer (JEA) at each AR to estimate fish abundance fol-
lowing Allgeier et al. (2013, 2018). Each fish was identified 
to the species level and the total length of each fish was esti-
mated to the nearest centimeter. Previous studies have shown 
that fish communities assembly plateaus after ~ 120 days 
post-construction of ARs in The Bahamas (Yeager et al. 
2011)—this work was performed 4 years after construc-
tion. Further, repeated surveys of ARs with a similar design 

in The Bahamas over the course of a year found high site 
fidelity of fishes and no significant changes in fish biomass 
or excretion rates over time, suggesting that single surveys 
effectively depict fish community structure (Allgeier et al. 
2018). To estimate fish nutrient supply rates (i.e., CND) for 
N and P, we applied excretion models generated by Allgeier 
et al. (2014) to the survey datasets following the approach 
used by Allgeier et al. (2013, 2018). Empirical measures 
of fish excretion rates are highly predicted from the knowl-
edge of body mass and taxonomic identity (Allgeier et al. 
2015). Fish excretion can also be estimated using bioen-
ergetic models (Schreck and Moyle 1990). Our models  
were generated using a Bayesian framework whereby excre-
tion rate was determined by regressing species-specific 
empirical measures of fish excretion and fish body mass (wet 
weight; Allgeier et al. 2015), with informative priors gen-
erated from taxonomically specified bioenergetics models. 
Doing so provided us with a model from which we could 
predict excretion rates for each individual observed in our 
surveys based on species identity and body size. We did not 
account for nutrient input from fish egestion and are there-
fore underestimating the net nutrients provided by the fish 
community; however, this is likely small relative to excreted 
nutrients (Schreck and Moyle 1990).

Fig. 2   a Nitrogen (N) and % phosphorus (P) levels in seagrass blades 
at control distance (20  m) from each artificial reef (AR) (H1–H8), 
representing the relative anthropogenic nutrient enrichment (ANE) 
for each AR. Each %P and %N value was averaged from three tran-
sects. Note: H5, H6, and H8 are the reefs closest in proximity to 
human settlements, with H6 being in more open and highly flushed 
waters, but down from the prevailing winds from a settlement. H1–
H4 are non-adjacent to any settlements, but greater numbers of fishers 
were observed in these areas during the study (pers obs JEA, MM), 

with H1 being the most distant from these potential sources. AR H4 
had only one value for %P and %N at the control distance, and there-
fore does not have error bars. %N is represented by the filled bars and 
%P is shown by the unfilled bars. Asterisks indicate AR pairs that 
are significantly different in their seagrass %N and %P levels as con-
firmed by Tukey’s HSD post hoc test. b Consumer-mediated nutrient 
supply (g P or N day−1) at each AR. Each value was estimated from a 
single visual fish survey at each AR
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Statistical analysis

Before addressing our primary questions, we tested if 
anthropogenic nutrient enrichment was different at each 
AR using a one-way ANOVA and Tukey’s HSD test of %P 
and %N in seagrass tissue at 20 m distance from the AR. 
For both questions and in all model formulations, the three 
transects function as replicates for each distance whereby 
growth rates for all shoots from a sampling plot (i.e., a given 
distance on a given transect) were averaged, resulting in one 
data point per distance per transect.

Question 1: How does anthropogenic nutrient enrichment 
affect seagrass growth rate and to what extent does this alter 
the relationship between consumer nutrient dynamics and 
seagrass growth rate?

To test this question, we ran the following mixed-effect 
model: 

where ‘SGR’ is seagrass growth rate (mm2 day−1) measured 
1 m from the AR, ‘CND’ is consumer-mediated nutrient 
supply at the reef level (g N or P reef−1 day−1 or N:P ratio), 
and ‘ANE’ is anthropogenic nutrient enrichment expressed 
as a continuous measure of seagrass nutrient content (%P, 
%N, or N:P molar) 20 m from the AR, where we anticipate 
no effect from fish excretion around the AR. Reef is used in 
this model as a random effect. We ran this same base model 
in three ways, whereby all terms in each model were speci-
fied for either N, P, or N:P to test which of the three best 
predicted seagrass growth rate. We evaluated the best fit 
model using AIC (Burnham and Anderson 2002).

Question 2: How does anthropogenic nutrient enrichment 
affect the extent of the biogeochemical hot spot formed by 
aggregating fish on ARs?

To test this question, we ran the following mixed-effect 
model: 

where variables follow those used in the model for Ques-
tion 1, with the additional variable for distance from the 
AR (‘DIST’). Based on a suggestion from one reviewer, we 
additionally ran models with a random effect structure that 
included ‘Transect’ nested within ‘Reef’; model outcomes 
were identical so the most simplistic model formulation 
(shown here) was retained. Like question 1, we ran sepa-
rate models to test if N, P, or the N:P ratio better predicted 
seagrass growth rate as a function of distance from the AR.

Due to collinearity between the predictors and the 
interaction term, the predictors were centered. SGR was 

(1)SGR ∼ CND + ANE + CND × ANE + 1Reef,

(2)

SGR ∼ DIST + DIST × ANE + DIST

× CND + DIST × ANE × CND + 1Reef,

log-transformed to meet assumptions of normality, and 
distance was log-transformed to account for the tendency 
for non-linear relationships between seagrass response 
variables and distance away from the AR (Allgeier et al. 
2018). All analyses were conducted in R (R Core Develop-
ment Team 2012).

Results

Seagrass %P, %N, and N:P ratios at the control distance 
(20 m) were significantly different (df = 21, p-value < 0.05) 
between ARs, and post hoc analyses revealed that several 
ARs differed from one another (Fig. 2). The number of 
bite marks did not significantly differ across the AR (p 
value ~ 0.08) indicating that there were not strong differ-
ences in grazing across the ARs. Salient to this, only in 
rare cases did we find that the terminus of the seagrass 
blade itself had been cropped entirely by herbivores (bite 
marks were otherwise indicated by small sections removed 
from the sides of the blades), indicating that herbivory 
in general was unlikely to have substantial influence on 
our primary response variable—seagrass growth rate. For 
these reasons, we did not further investigate top-down 
effects in our study.

Question 1 Interactive effects of anthropogenic nutri-
ent enrichment (ANE) and consumer-mediated nutrient 
dynamics (CND) on seagrass growth rate (SGR).

Local ANE positively affected the growth of seagrass 
surrounding our ARs in both P and N models, but not the 
N:P model (Table 1; Fig. 3a). Interpretation of the main 
effect ANE term should be done with caution given the 
positive interaction term in the model. There was a signifi-
cant negative interaction between ANE and CND for the 
N model (not the P or N:P models) indicating that ANE 
reduced the positive effect of CND on SGR (Table 1). The 
relative performance of the N, P, and N:P models did not 

Table 1   Mixed-effect model: SGR ~ CND + ANE + CND × ANE + 1/
Reef, where SGR is seagrass growth rates, CND is consumer-medi-
ated nutrient dynamics, ANE is anthropogenic nutrient enrichment 
for phosphorus (P), nitrogen (N) and nitrogen:phosphorus (N:P) mod-
els

Akaike information criterion (AIC) used to assess model perfor-
mance, significant P values (P < 0.05) noted in bold. The direction of 
the effect is indicated by a ( ±) for significant effects

P N N:P ratio

ANE 0.044 ( +)  < 0.001 ( +) 0.627
CND 1.0 0.327 0.213
ANE x CND 0.642 0.019 (-) 0.993
AIC 34.21 34.93 35.28
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differ based on AIC, which given the lack of significance 
of any terms on the N:P model indicated that, although sta-
tistically significant, the effect sizes of the ANE and CND 
terms in the N or P models was not particularly strong.

Question 2. Effects of anthropogenic nutrient enrichment 
(ANE) on consumer-mediated (CND) biogeochemical hot 
spots

The presence of biogeochemical hot spots was confirmed 
by a significant negative effect of distance (‘DIST’), i.e., 
seagrass growth rates decreased with distance from the AR 

in all models (Table 2; Fig. 3c). The magnitude of the hot 
spot was influenced by CND as indicated by a significant 
interaction between ‘DIST’ and ‘CND’ in the N and P mod-
els (negative for P and positive for N). That is, P supplied by 
fishes reduced the magnitude of the biogeochemical hot spot, 
N supplied by fishes increased the magnitude of the hot spot. 
The overall magnitude of the hot spot was reduced by ANE 
in the N model only, as indicated by a significant positive 
‘DIST x ANE’ interaction term. There was no significant 
three-way interaction among DIST, ANE, and CND in any 

Fig. 3   a Mean seagrass growth rate (mm2 day−1) at 1 m distance from 
the artificial reef (AR) as it varies with anthropogenic nutrient enrich-
ment (%N, %P in seagrass tissue at control distance 20  m distance 
from ARs) and b seagrass growth rate (mm2 day−1) as it varies with 
CND (g P or N day−1). For both plots, colors represent different ARs 
(H1–H8, note no H7), shapes represent nutrients (N denoted with tri-
angles, P denoted with circles), and error bars indicate standard devi-

ation (SD). Vertical error bars are not present in b because consumer-
mediated nutrient dynamics (CND) is calculated from a single survey. 
c Seagrass growth rate (mm2 day−1) of seagrass blades at measured 
distances (m) from each AR. Error bars indicate SD. Data points on 
the x-axis were jittered to improve visual clarity (all samples were 
taken from the same distances).
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model. P and N supply rates to the system explain these rela-
tionships better than N:P, but the relative model performance 
between the N and P models did not differ based on AIC.

Discussion

The impact of anthropogenic stressors on consumer-medi-
ated top-down processes in tropical coastal ecosystems has 
been well studied (Scheffer et al. 2005). In contrast, the 
extent to which anthropogenic-driven changes to consumer-
mediated bottom-up processes is less understood but gain-
ing attention. Consumer-mediated bottom-up effects can be 
highly complex, but not always obvious, possibly explain-
ing their relative lack of study. For example, Graham et al. 
(2018) demonstrated that anthropogenic stressors, such as 
seabird egg predation from introduced rats, can diminish 
the importance of bird guano as an important bottom-up 
mechanism that enhances primary productivity on remote 
coral reefs in the Seychelles. Similarly, artificial reefs (ARs) 
create localized hot spots via fish excretion that disperse 
nutrients to the seascape (Layman et al. 2013). For this rea-
son, they provide an extremely useful experimental system 
in which to directly quantify consumer-mediated nutrient 
dynamics (CND), and to understand how human activities 
may be altering these dynamics. Using this experimental 
system across an area with various levels of fishing pressure 
and anthropogenic nutrient enrichment (ANE), the two most 
common local anthropogenic stressors in coastal ecosystems 
(Halpern et al. 2012), our study extends the growing evi-
dence that human impacts can mediate the importance of 
CND. While we did not directly test the effects of fishing 
pressure on nutrient supply by fishes (as has been reported in 
other studies, e.g., Allgeier et al. 2016; Layman et al. 2011), 
we found evidence that reduced fish-mediated nutrient sup-
ply (presumably via fishing) and ANE mitigate the extent 

to which aggregating fishes alter seagrass production (via 
seagrass growth rates; SGR), and the extent of the biogeo-
chemical hot spots around artificial reefs.

Allgeier et al. (2018) experimentally tested how CND 
were altered by two simulated stressors, fishing and ANE, 
in a tropical seagrass ecosystem in The Bahamas using an 
AR system. They found that while both CND and anthropo-
genic nutrient enrichment enhanced seagrass growth rates, 
variation in CND (i.e., due to simulated fishing) was more 
associated with changes in seagrass community composi-
tion, and seagrass growth was best predicted by total supply 
of nutrients (either N or P, but not their ratio) from both 
fishes and experimental nutrient enrichment. However, there 
were two important experimental limitations to that study. 
First, the effects of nutrient enrichment were confined to the 
benthos, whereas anthropogenic nutrients from sources such 
as wastewater may also enrich the water column, with the 
potential for increased phytoplankton production and poten-
tially light limitation (Benson et al. 2013). Second, Allgeier 
et al. (2018) simulated fishing by altering the habitat to 
reduce fish densities, whereas in a heavily exploited sys-
tem fish themselves are removed from the system. Here, we 
sought to overcome some of these experimental challenges 
by measuring the effects of fish aggregations on constructed 
ARs across existing gradients of nutrient enrichment within 
a heavily exploited region in Haiti.

Our study shows that high levels of anthropogenic nutri-
ent enrichment, more so than CND, appears to be the pri-
mary factor to influence seagrass growth rates proximal to 
the reefs. Specifically, anthropogenic nutrients in the form 
of N and P can have significant effects on seagrass growth, 
and N (but not P) from ANE can mediate the effects of CND 
in these nutrient-poor ecosystems (i.e., significant interac-
tion between AND X CND for the N model in Question 1). 
Two phenomena provide insight into these findings. First, 
the high levels of anthropogenic nutrients that enter this 
coastal system from human community sewage input could 
be enough to effectively override any effect from CND to the 
extent that N and P limitation of primary production is mini-
mized (importantly, CND was introduced via construction 
of the AR after ANE). Interestingly, the range of %N in the 
seagrass blades was lower in this study relative to Allgeier 
et al. (2018) (~ 1.2–1.7% and ~ 1.4–2.0%, respectively of the 
same species of seagrass, Thalassia testudinum), but %P 
was higher (~ 0.07–0.17% and ~ 0.07–0.12%, respectively). 
Because the percent nutrient content of seagrass is a proxy 
for ambient nutrient availability and the seagrass nutrient 
content values in our study were within ranges reported from 
other seagrass systems (Duarte 1990), we can assume that 
enrichment occurring at these sites does not deviate beyond 
that found in other coastal environments. This suggests that 
the influence of ANE on CND may be common in these sys-
tems. Second, Haiti has some of the most heavily exploited 

Table 2   Mixed-effect model: SGR ~ DIST + ANE × DIST + CND 
× DIST + DIST × CND × ANE + 1/Reef, where SGR is seagrass 
growth rates, DIST is distance from AR, ANE is anthropogenic 
nutrient enrichment, and CND CND is consumer-mediated nutrient 
dynamics for phosphorus (P), nitrogen (N) and nitrogen:phosphorus 
(N:P) models

Akaike information criterion (AIC) used to assess model perfor-
mance, significant P values (P < 0.05) noted in bold. The direction of 
the effect is indicated by a ( ±)

P N N:P ratio

DIST  < 0.001 ( – )  < 0.001 ( – )  < 0.001 (+)
DIST × CND 0.020 ( – ) 0.014 ( +) 0.0601 ( +)
DIST × ANE 0.305 0.05 ( +) 0.583
DIST × CND × ANE 0.438 0.691 0.628
AIC 118.2 116.7 121.1
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fisheries in the Caribbean, which has implications for the 
quantity of nutrients that are supplied by fishes (Layman 
et al. 2011; Allgeier et al. 2016). Nonetheless, our data tell 
a clear story (seen visually in Fig. 3)—seagrass growth rates 
correspond most to relative anthropogenic nutrient enrich-
ment—even the reefs with the lowest CND had the higher 
seagrass growth rates (e.g., H8 and H5—the reefs that were 
the closest to settlements, H8 being the closest—thus the 
significant interaction term for the N model; Table 1). These 
findings clearly demonstrate the overwhelming importance 
of ANE for seagrass production in this system.

We quantified the extent to which ANE affects the for-
mation of CND biogeochemical hot spots around ARs. The 
presence of a biogeochemical hot spot around an AR is indi-
cated by a negative coefficient on the distance term (DIST) 
in the model (i.e., the slope of the relationship between SGR 
and DIST from the AR should be negative). While we cannot 
prove that there is no additional effect from the reef structure 
in and of itself on the formation of biogeochemical hot spots, 
substantial evidence shows that fishes fundamentally drive 
the magnitude of the effect on seagrass (Allgeier et al. 2013, 
2018; Layman et al. 2013, 2016). Including an interaction 
term of CND and ANE in the model allows a more nuanced 
analysis of which of the factors most strongly mediate the 
net distance effect (DIST). The two-way interaction (DIST 
× ANE and DIST × CND) showed that for the N and P 
models CND and for the N model ANE played an impor-
tant role in mediating the biogeochemical hot spots. The 
lack of a significant three-way interaction (DIST × ANE × 
CND) for any model showed that the influence of CND on 
the biogeochemical hot spot is in no case being mediated by 
ANE in a non-additive manner. These findings collectively 
show that even in ecosystems that receive large amounts of 
anthropogenic nutrients, fish-mediated biogeochemical hot 
spots appear to have a largely additive effect with ANE, and 
can be sufficiently strong to generate emergent ecosystem-
level patterns, in this case by the enhancement of seagrass 
production around the AR.

Identifying the most limiting nutrient for seagrass pro-
duction is critical for effective wastewater management. 
This study provided the opportunity to identify whether 
N, P or N:P ratio most limits seagrass growth in highly 
human-impacted systems. Haiti is a volcanic island and 
thus the underlying geology suggests that the sediments 
are inherently P rich, relative to calcium carbonate ‘low 
islands’ such as The Bahamas (Littler et al. 1991). How-
ever, Haiti also has large amounts of limestone and cal-
careous sediments, which could absorb P and sequester it 
from the environment, leading to P limitation—similar to 
that expected on low islands (Littler et al. 1991; Jensen 
et al. 1998; Elser et al. 2007). We found that the N and P 
supply models did outperform N:P models (for Question 

2), but all models were functionally similar to one another 
in their ability to explain seagrass growth rates for Ques-
tion 1. The fact that N:P ratio consistently had the highest 
AIC in all cases suggests that the amount of N relative to 
P does not appear to be highly relevant for primary pro-
duction, in contrast to theory (Elser and Sterner 2002), 
but instead that simply the supply of both single nutrients 
is paramount, i.e., the more the nutrients, the more was 
seagrass growth. These findings parallel those found by 
Allgeier et al. (2018), whereby seagrass growth rates were 
best explained by the supply of single nutrients, and in 
both cases largely N supply—an interesting finding given 
that the same study system has been previously found to 
be P limited (Allgeier et al. 2010, 2011, 2013).

Coastal marine ecosystems are subjected to multiple 
human-induced stressors and how the stressors interact 
to alter ecological systems can be complex and diffi-
cult to disentangle (Stockbridge et al. 2020). We found 
that the effects of anthropogenic nutrient enrichment on 
primary production and the formation of biogeochemi-
cal hot spots created by ARs are largely additive—the 
one exception being the antagonistic (negative and non-
additive) influence of CND and ANE for SGR in the N 
model for Question 1. A limitation of this study is that 
we did not assess changes in benthic community com-
position. Allgeier et  al. (2018) demonstrated that the 
composition, and particularly the diversity, of primary 
producers was strongly affected by ANE and also CND. 
Qualitatively from our personal observations in Haiti, 
this same situation appeared to be true (JEA, pers obs), 
but further efforts are warranted to quantify how ANE 
affects not only seagrass nutrient dynamics and growth 
but the entire benthic community. An additionally inter-
esting aspect of our study was that despite potential light 
limitation due to increased water column production at 
certain locations, e.g., H5, H7 (which we did not quantify 
here, but was apparent in the field due to high levels of 
turbidity; JEA, KSM, CAL, MM pers obs), we do not see 
obvious reductions in seagrass growth rates that we may 
have otherwise expected (i.e., growth rates were similar 
in our study to that of Allgeier et al. (2018), both of which 
were conducted at similar depths). Our study provides 
another step toward quantifying the interaction between 
anthropogenic stressors and consumer-mediated nutrient 
dynamics, thereby facilitating conservation and manage-
ment planning. Further, this study has implications for 
management of wastewater input to coastal waters as it 
demonstrates that inputs of both N and P are important to 
manage and that non-point pollution from wastewater can 
drastically influence primary production and overwhelm 
the role of other non-anthropogenic sources such as nutri-
ents from consumers.
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