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Abstract Global declines in mangroves, seagrasses, and
corals threaten the provisioning of ecosystem services to
coastal communities. However, potential feedbacks between
these ecosystems are poorly understood owing to a lack of
studies exploring functional links between these frequently
coupled nearshore tropical ecosystems. To better understand
these links, we sampled seawater temperature, salinity, and
pH in addition to particulate organic carbon, particulate
organic nitrogen, and their respective stable isotope com-
position (8'*C and 8'>N) monthly from July 2018 to June
2019 at sites ranging from inshore to offshore in La Parguera
Natural Reserve, Puerto Rico. We observed persistent, year-
round warmer, more acidic, and higher particulate organic
matter seawater at the most inshore Bioluminescent Bay sta-
tion compared to sites further offshore. Particulate organic
carbon values ranged from a maximum of 764 mg/m?® at
the most inshore station to a minimum of 53.96 mg/m? at
the most offshore station while particulate organic nitrogen
ranged from 166 mg/m® at the most inshore station to 6.39
mg/m? at the most offshore station. Biogeochemical variabil-
ity across spatial scales largely followed gradients in biologi-
cal and physical controls, with limited differences between
the more offshore coral reef sites and the most intense bio-
geochemical modification occurring in the shallowest and
most nearshore stations. Limited temporal variability was
observed for most parameters except for seasonal variations
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in temperature, salinity, and pH. Particulate organic matter
stable isotope composition were slightly enriched at inshore
stations and suggested a mixture of primarily marine alloch-
thonous and autochthonous organic matter sources. The
importance of heterotrophy for coral resilience to warm-
ing and acidification suggests this localized nutrition-rich
albeit warmer and acidified waters in nearshore mangrove
and seagrass ecosystems is an important functional link to
nearshore corals with the potential to modulate coral resil-
ience to ocean warming and acidification.
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Introduction

Mangrove, seagrass, and coral reef ecosystems provide myr-
iad direct and indirect benefits to over 1.3 billion people liv-
ing in tropical coastal communities worldwide (Moberg and
Folke 1999; Harborne et al. 2006; Sale et al. 2014; United
Nations 2021). These ecosystems often co-occur along tropi-
cal coastal shorelines and provide benefits both individually
and synergistically as a result of the important abiotic and
functional linkages between them (Harborne et al. 2006).
For example, the combination of mangroves, seagrasses, and
coral reefs provide greater shoreline protection than when
only one or two of these ecosystems are present (Guannel
et al. 2016). Despite the importance of these ecosystems to
the stability of the environment, coastal communities, and
the economy, human activities have been negatively impact-
ing the Earth system’s balance since the Industrial Revolu-
tion resulting in widespread degradation of marine ecosys-
tems (Hoegh-Guldberg and Bruno 2010). Global increases
in anthropogenic CO, are causing warming of the upper
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ocean layers, ocean acidification (OA), and deoxygenation
(Diaz 2001; Doney 2010; Arias et al. 2021) and these global
changes are compounded by local anthropogenic stressors
(Ryan et al. 2008; Garcia-Sais et al. 2021). Consequently,
tropical coastal ecosystems are in decline as evidenced by a
20% decline in mangroves from 1980 to 2005 (FAO 2007),
a29% decline in seagrass beds from 1879 to 2006 (Waycott
et al. 2009), and a 50% decline in coral cover from 1957 to
2007 (Eddy et al. 2021).

Reef-building corals have been particularly susceptible
to ocean warming with bleaching-induced coral mortal-
ity observed for 35% of surveyed corals in the 2014-2017
marine heat waves alone (Eakin et al. 2022). Coral bleaching
is the breakdown of symbiosis between the host coral and
symbiotic algae, which can provide up to 100% of the daily
metabolic carbon needs for the host coral (Hatcher 1988).
Healthy “non-bleached” corals typically derive 15-35%
of their daily metabolic needs from heterotrophy by direct
capture of dissolved or particulate organic matter, but this
number can be up to 100% in bleached corals when corals no
longer have their symbiotic algae to provide nutrition (Houl-
breque and Ferrier-Pages 2009). Heterotrophy is therefore
a potential buffer against rising temperatures by providing
additional energy to enable coral resistance to marine heat
waves and facilitate recovery from coral bleaching events
(Rezende et al. 1990; Grottoli et al. 2006; Sippo et al. 2017).
Adequate nutrition also appears to maintain coral growth
rates under reduced pH conditions projected for near future
ocean acidification (Towle et al. 2015; Ramajo et al. 2016;
Courtney et al. 2017). However, coral reefs are typically
present in nutrition-poor regions of the world’s oceans sug-
gesting the supply of nutrition to coral reefs may become
increasingly important for maintaining resilient coral-dom-
inated ecosystems under ongoing ocean warming and acidi-
fication (Goreau et al. 1971; Alldredge et al. 2013; Duarte
et al. 2013).

Odum’s “outwelling hypothesis” proposed that organic
material exuded from nearshore environments such as man-
groves and seagrasses may supply and sustain the growth of
offshore coral reef ecosystems through the delivery of nutri-
tion and therefore may represent an important functional link
between mangroves, seagrasses, and corals (Odum 1968;
Odum et al. 1979; Lee 1995; Sippo et al. 2017; Santos et al.
2021). This horizontal transport of outwelled nutrition may
occur via the direct export of dissolved or particulate matter
(e.g., planktonic, terrestrial, and microbial particles), animal
migration, or through predator—prey interactions (Bouillon
and Connolly 2009; Cruz and Neuer 2019; Kharbush et al.
2020). The quantity of outwelled organic matter typically
varies due to source availability, coastal geomorphology,
geophysics, and hydrodynamics as well as land hydrologic
features, temperature, precipitation, and inundation regimes
(Robertson et al. 1984; Bianchi and Bauer 2011; Cael and
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Follows 2016). Upwelling, recycling, remineralization,
and seasonally variable offshore productivity have all been
hypothesized as additionally important sources of organic
matter to coral reef systems (Williams et al. 2012; Alldredge
et al. 2013; Duarte et al. 2013; Ducklow and Doney 2013;
Yeakel et al. 2015; Kealoha et al. 2019; Courtney et al.
2020).

Stable isotopes of particulate organic carbon (& '*C)
and nitrogen (8'°N) may provide information on the vari-
ous sources of organic matter, trophic pathways, ecosystem
dynamics, and material or nutrient transport between ecosys-
tems and species (Rodelli et al. 1984; Lee 1995; Anderson
and Fourqurean 2003; Lamb and Swart 2008; Oczkowski
et al. 2014, 2016, 2018) owing to differential isotope frac-
tionation during biogeochemical processes (Dawson and
Brooks 2001; Brain 2006). For example, 813C from terres-
trial plants typically range from — 10 to — 16%o for plants
with C4 metabolic pathways (e.g., saltmarsh vegetation)
and — 21 to—32%o for plants with C3 metabolic path-
ways (e.g., mangroves) (Lamb et al. 2006, and references
therein). On the other hand, marine particulate organic car-
bon typically ranges from — 18 to — 24%o, bacteria from — 12
to —27%o, algae and seagrass from — 16 to —24%o, and dis-
solved organic carbon from — 22 to —25%o (Lamb et al.
2006, and references therein). The use of & N and C:N
ratios provide additional information to help discriminate
among converging ranges of 8'°C (Anderson and Fourqurean
2003; Lamb and Swart 2008; Oczkowski et al. 2014).

In this study, we focused on quantifying temperature, pH,
and particulate organic matter at sites ranging from inshore
to offshore from mangroves and seagrasses to a nearshore
coral reef system in order to better understand potentially
important functional linkages between these tropical coastal
ecosystems. While we focused here on particulate organic
matter as a key source of potential coral nutrition in the
context of this study, we acknowledge that dissolved organic
matter represents an additional potential source of coral
nutrition not captured by this study (Houlbréque and Fer-
rier-Pages 2009). To accomplish this task, we characterized
the spatial and temporal variability of temperature, salinity,
pH, particulate organic carbon (POC) and nitrogen (PON),
and particulate organic carbon (813C) and nitrogen (8N)
isotope ratios at four distinct sites ranging from inshore to
offshore and separated by multiple spatial scales in La Par-
guera Natural Reserve (LPNR). LPNR is an optimal location
to study functional linkages between mangroves, seagrasses,
and coral reefs because of the proximity of these ecosys-
tems across an inshore—offshore gradient. Specifically, we
addressed the following question: What is the seasonal and
inshore—offshore variability in seawater temperature, salin-
ity, pH, POC, PON, §'3C, and 8'°N in LPNR? This multi-
ecosystem perspective provides new insights into the func-
tional links between coupled coastal ecosystems and how
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tradeoffs between changes in temperature, pH, and avail-
able nutrition may influence the resilience of nearshore coral
reefs under climate change.

Methods
Study area

The study was conducted in LPNR, an approximately
11-km-wide embayment located in southwest Puerto Rico
in the Caribbean Sea (Fig. 1). The Natural Reserve includes
coastal mangroves, lagoonal and nearshore seagrasses, a
series of coral reef cays scattered across an inner shelf aver-
aging ~6 m depth, and forereef development that extends out
to the shelf edge at~ 18—-20 m depth (Morelock et al. 1977).
LPNR is characterized by a wet season from August to
November, spring showers normally during April and May,
and typically dry conditions over the remaining months of
the year (Margalef 1961; Vega Rodriguez and Aponte 2008;
Garcia-Troche et al. 2021; Ayala-Torres 2022). The area has
no direct riverine inputs and models for this watershed esti-
mate that submarine groundwater discharge represents 10%
(range =0-12%) of the total surface runoff (Luijendijk et al.
2020). Seasonal freshwater inputs from the Amazon and
Orinoco Rivers are correlated with reductions in seawater
salinity and may also deliver nutrients to the area (Corredor
and Morell 2001). Since 2011, the increasing influx of Sar-
gassum spp. seaweeds and related sargassum brown tides
have been contributing to the organic material deposited in
the coastal waters of La Parguera (Wang et al. 2019; Hernan-
dez et al. 2022; Pérez-Pérez 2022; Le6n-Pérez et al. 2023).

Latitude
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Fig. 1 Map of sampling stations at La Parguera Natural Reserve
(LPNR), Southwest Puerto Rico. The red circle labeled “BB” indi-
cates the Bioluminescent Bay sampling station, the orange triangle
labeled “NQ” indicates the Cayo Enrique sampling station, the light
blue diamond labeled “AB” indicates the Acidification Buoy sam-
pling station, and the dark blue square labeled “VL” indicates the

-67.055

Four study sites were chosen along an inshore to off-
shore gradient in LPNR, including mangrove, seagrass,
and coral reef ecosystems with varying influences of ter-
restrial and oceanic processes (Fig. 1). The Bioluminescent
Bay (BB) of LPNR was selected as the most inshore station
(Fig. 1C). This shallow embayment has an average depth
of 3.5 m with a maximum depth of approximately 4.5 m. A
fringing Rhizophora mangle mangrove forest separates the
bay from contiguous salt flats (Soler-Figueroa and Otero
2015), and the benthos is dominated by muddy sediments
and areas of Thalassia testudinum and Halophila baillonis
seagrasses (Almodovar and Blomquist 1959). Cayo Enrique
(NQ) is the next station moving offshore and consists of a
lagoonal back reef region that reaches depths of approxi-
mately 4 m (Fig. 1B). This station is predominantly com-
posed of Thalassia testudinum seagrass beds interspersed
in calcareous and sandy sediments (Morelock et al. 1977;
Zayas-Santiago 2011). The Acidification Buoy (AB) sta-
tion is located approximately 150 m further offshore and
across the forereef from the Cayo Enrique station (Fig. 1B).
The Acidification Buoy (NOAA PMEL MAPCO2 Buoy)
rests in an area where the total depth is approximately 6 m
and the benthic coverage includes a variety of hard corals
(10-11%), octocorals (26%), macroalgae and turf (17%),
carbonate sands, rubble, and rock (35%), and other (11%)
(Hernandez-Lépez 2015; Meléndez et al. 2022). The Veril
(VL) station is located furthest away from the shoreline
(approximately 12 km offshore) near the shelf edge. The
shelf edge is located at approximately 18-25 m depths and
is dominated by a long band of a submerged reef with an
average scleractinian coral cover of 39% (Todd et al. 2009;
Sherman et al. 2016).

17.974

17.970

17.966
-67.018

-67.049
Longitude

-67.043 -67.014 -67.010

Veril sampling station. Panel A shows the broader LPNR with all four
sampling stations, panel B shows just the Cayo Enrique and Acidi-
fication Buoy sampling stations separated by the reef crest of Cayo
Enrique, and panel C shows the Bioluminescent Bay and adjacent salt
flats
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Sample collection, management, and analysis

Seawater surveys were conducted during the morning hours
(08:00-12:00 AST) approximately monthly from July 2018
to June 2019 for temperature (T), salinity (S), pH, particulate
organic carbon (POC), particulate organic nitrogen (PON),
particulate organic carbon isotope ratio (8'°C), and particu-
late organic nitrogen isotope ratio ('°N). Throughout this
study, we have collected primarily surface seawater samples
following the canonical assumption that coral reef seawa-
ters are well-mixed and therefore provide a general charac-
terization of the respective site, but note that water column
processes can be increasingly important relative to benthic
processes at sites with deeper depths (e.g., Veril Station)
and can result in detectable vertical gradients of seawater
biogeochemistry (Long et al. 2019; Pezner et al. 2021). Tem-
perature and salinity were measured in situ at 1 m depth via a
SBE 25 Sealogger CTD from SeaBird Scientific with a SBE
3F sensor (accuracy: +0.0002 °C) for temperature and a SBE
4C sensor (accuracy: +0.0003 S/m) for salinity. Precipita-
tion data for the years 2018 and 2019 were obtained from
the NOAA NCDC database (https://www.ncdc.noaa.gov/
cdo-web/) and the cumulative sum for 2 weeks prior to each
sampling date was calculated using the runner package in R
(Katedkowski 2023). Water samples for pH were collected
at slightly deeper depths of 3 m for BB, 1.5 m for NQ, and
4 m for AB and VL to leverage concurrent sampling efforts
by the CARICOOS Ocean Acidification Project. These sam-
ples were collected according to standard practices (Dickson
et al. 2007) and analyzed by spectrophotometry on the Total
Scale using a double-beam Shimadzu spectrophotometer
with m-cresol purple indicator dye (precision: +0.006) at
the Isla Magueyes Field Station, University of Puerto Rico
Mayagiiez, as previously described (Meléndez et al. 2020).

Seawater was sampled for particulate organic matter
(POC, PON, 813C, 615N) in triplicate at 1 m depth using a 5
L Van Dorn bottle. Two Van Dorn bottle casts were neces-
sary to fill three 3.8 L Nalgene carboys to ensure adequate
sample volumes for each triplicate. Water samples were
filtered the same day upon arrival at the laboratory, with
the filtrate volume quantified via a graduated cylinder. Each
sample was vacuum-filtered through a previously combusted
25-mm-diameter GFF filter, dried in a muffle furnace at
65°C overnight, acidified overnight with HCI] fumes for
inorganic carbon removal, and redried at 65°C overnight
for excess acid removal following Joint Global Ocean Flux
Study (JGOFS) protocols (Knap et al. 1996; Mishonov et al.
2003; Chaves et al. 2020).

Analysis for the elemental and stable isotope composi-
tion of particulate organic matter (POC, PON, 613C, 615N)
was performed using a continuous flow isotope ratio mass
spectrometer (Isoprime 100) interfaced with an elemental
analyzer (Micro Vario, Elementar Americas, Mt. Laurel,
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New Jersey, USA) at the United States Environmental Pro-
tection Agency Atlantic Coastal Environmental Sciences
Division, Rhode Island, USA. Replicate analyses of inter-
nationally recognized isotope standard reference materials
USGS40 (83C= —26.4%0, 8" "N = —4.5%0) and USGS41
(8"3C = +37.6%0, 8"°N = +46.6%0) were used to calibrate
an in-house working standard (blue mussel homogenate,
83C = —18.3%0, 8'"'N= + 11.2%0), which was used to
normalize isotope results to air (3'°N) and Vienna Pee Dee
Belemnite (5'°C) scales (Paul et al. 2007; Oczkowski et al.
2016). The elemental composition of the sample was calcu-
lated by comparing the peak area of the sample to a standard
curve of peak area vs elemental composition of standard
reference material Cystine (%C=30.0%, %N=11.7%). POC
and PON were then converted to concentrations (mg/m>)
via the mass (mg) divided by the respective filtered volume
(L) for each sample. Isotope ratios are expressed in & (%o)
notation calculated by the following formula:

R—mp‘> - 1] % 1000

Rref erence

X(permil) = [(

where X="3C when R="3C/'?C and, similarly, X= 5N when
R="N/"N.

Quality assurance and quality control of particulate
organic matter (POC, PON, d13¢, 615N) results were based
on the variance of triplicate measurements. We flagged all
triplicates that had a high variance or were outliers relative
to the entire dataset for additional review as determined by
Tukey’s fences following internal protocols developed by
the Environmental Protection Agency laboratory. Of these
flagged samples, only single measurements that exhibited
clear signs of sample contamination relative to the other trip-
licates were removed from subsequent analyses (i.e., 0.7%
of the individual replicates; see supplemental information
for R script for all removed triplicates and the rationale for
their removal). The resulting mean standard deviation for our
particulate organic matter measurements is +27 mg/m> for
POC, +3 mg/m? for PON, +0.8%o for 8'°C, and + 1%o 8'N.

Data processing and statistical analysis

We used ANOVA to test for detectable differences in tem-
perature, salinity, pH, POC, PON, 8'3C, 8N, and C:N
between sites and months. Site and Month were used as
fixed effect predictors for each of the respective measured
parameters following a stepwise Akaike information crite-
rion (AIC) approach that tested increasingly complex mod-
els including the null model, Month-only model, Site-only
model, Month and Site model, and the Month and Site and
Interaction of Month and Site model. The model with the
lowest AIC value was selected as the best model to fit the
data and was qualitatively assessed for model assumptions
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using the performance package (Liidecke 2021). We then
used p values and performed Tukey Honest Significant Dif-
ference tests for the lowest AIC model to evaluate pair-wise
comparisons of the fixed effects and report detectable dif-
ferences in the given measured parameter (i.e., temperature,
salinity, pH, POC, PON, 8'°C, 8'°N, and C:N) between
months or sites. To assess multidimensional differences in
measured seawater parameters between sites and the co-var-
ying seawater chemistry parameters responsible for driving
detectable differences in seawater chemistry between sites,
we also conducted a principal component analysis with 95%
confidence ellipses. All data analyses were conducted using
the R programming language (R Core Team 2022).

>

304
291
281
271

Temperature (°C)

Jul 2018 Oct2018 Jan 2019 Apr2019 Jul 2019

Results

Temporal and spatial variability in seawater
parameters

Temperature

Seawater temperatures ranged from 26.23 to 30.24 °C
throughout the year following a typical seasonal cycle in
LPNR with the coolest seawater temperatures observed
from January through March and the warmest temperatures
observed from July through October (Fig. 2A) (see code for
full pair-wise comparison of seawater temperature between
months). Seawater temperatures generally decreased moving
offshore with the lowest temperatures recorded at the Veril
site compared to the Acidification Buoy (p =0.019), Cayo
Enrique (p <0.001), and Bioluminescent Bay (p <0.001)
sites (Fig. 3A). Similarly, lower temperatures were recorded
at the Acidification Buoy site compared to the more
inshore Cayo Enrique (p=0.001) and Bioluminescent Bay
(»<0.001) sites. No temperature differences were detected

Site ® BB & NQ © AB B VL

Fig. 2 Time series measurements from each parameter during the
July 2018—June 2019 sampling period. Each data point represents
a sampling event and data for POC, PON, 8'3C, §°N, and C:N rep-
resent the mean +standard deviation of replicate samples. Precipita-
tion data reflect the 14-day cumulative sum prior to each sampling

event (gray circle). Red circles labeled “BB” indicates the Biolumi-
nescent Bay sampling station, orange triangles labeled “NQ” indi-
cates the Cayo Enrique sampling station, light blue diamonds labeled
“AB” indicate the Acidification Buoy sampling station, and dark blue
squares labeled “VL” indicate the Veril sampling station

@ Springer



1318 Coral Reefs (2023) 42:1313-1327
A E
& 307 & . .
;_; 29 am _é_ o - \E__ 600
2 v 2
S 28 - o~ E 400
g 2] g 9] o
g 27 o sie O 200
lﬂ_) . ‘." L a + +
B F s
371 = 150
> £
= 36 g’ 1001 a
ﬁ N
w 4
35 § 50
34 . —— ——
C G -
8.0 -101
78 215
I .01 -
& 'Qz -20 +
761 e
-25 - EF +
H
16- - 12 B [7X)
- — 94
=z 121 i a\gf "
o X Z 6
8 ikl E&EI -
- -, 3'
. ‘ :
BB NQ AB VL VL

Fig. 3 Inshore to offshore site-level data for each measured param-
eter. The black line within the boxes represents the median, and the
upper and lower hinges represent the first and third quartiles (25" and
75" percentiles), respectively. Jitter points for temperature, salinity
and pH represent single sampling events while jitter points for POC,

PON, 6"3C, 8N, and C:N represent the triplicate mean for each sam-
pling event. Stations are ordered from inshore to offshore, left to right
where “BB” represents the Bioluminescent Bay station, “NQ” rep-
resents the Cayo Enrique station, “AB” represents the Acidification
Buoy station, and “VL” represents the Veril station

Table 1 Summary statistics are

reported for the best AIC model Temperature
selected for each parameter Site <0.001
Month <0.001
Site X month
Num.Obs 69
R? 0.901
AIC 79.6

Salinity ~ pH POC PON 8¢ 85N C:N
<0.001 <0001 <0001 <0001 <0001 0.011 0.006
<0.001  <0.001 <0.001

0.004
69 68 71 71 67 70 71
0.920 0.840 0.724 0.722 0.529 0.846 0.168
25.8 —170.1  845.1 602.4 312.8 254.2 307.0

“Site”, “Month”, and “Site Xx Month” represent the p values for the respective fixed effects for each bio-
geochemical parameter. “Num.Obs.” lists the number of observations evaluated for each model, “R?” rep-
resents the Coefficient of determination, and “AIC” represent the Akaike Information Criterion. Empty
spaces represent cases where the respective fixed effects were not included in the best AIC model selected
for each parameter. Please see the associated code release for statistical summaries and pair-wise compari-

sons of all model outputs
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between Cayo Enrique and Bioluminescent Bay (p =0.056)
(Fig. 3A). The additive site and month model was selected as
the best model based on lowest AIC with detectable differ-
ences in measured temperature between months (p <0.001)
and sites (p <0.001) (Table 1). There was no detectable
interaction between site and month (p =0.65).

Salinity

Seawater salinities ranged from 33.79 to 37.52 throughout
the year following a typical seasonal cycle in LPNR with
the lowest salinities observed from October to December
compared to higher salinities observed for the rest of the
year (Fig. 2B) (see code for full pair-wise comparison of
seawater salinity between months). Precipitation 14-day
cumulative sum during the study period ranged from 0.00
to 8.41 cm of rain with higher rain events recorded in late
summer and fall, limited precipitation during the winter
months, and a slight increase in precipitation during the
spring months (Fig. 2C). Lowest salinities coincided with
highest precipitation months observed during the last quar-
ter of the year (Fig. 2C). Seawater salinities were highest
at the Bioluminescent Bay site compared to all other sites
(p<0.001) (Fig. 3B). There were no detectable pair-wise
differences in salinity between the Cayo Enrique, Acidifica-
tion Buoy, and Veril sites (p > 0.05). The additive site and
month model was selected as the best model based on the
lowest AIC with detectable differences in measured salinity
among months (p <0.001) and sites (p <0.001) (Table 1).
There was no detectable interaction between site and month
on salinity (p =0.562).

pH

Seawater pH ranged from 7.45 to 8.12 with lower pH gener-
ally recorded in summer months and higher pH generally
recorded in winter months (e.g., see code for full pair-wise
comparison of seawater pH between months) (Fig. 2D).
Seawater pH generally increased from inshore to offshore
with lower pH recorded at the Bioluminescent Bay site com-
pared to the Acidification Buoy (p <0.001), Cayo Enrique
(»<0.001), and Veril (»p <0.001) sites (Fig. 3C). Similarly,
lower pH was recorded at the Acidification Buoy site com-
pared to Cayo Enrique (p =0.013) with no detectable differ-
ences in pH between the Acidification Buoy and Veril sites
(»=0.626) (Fig. 3C). The interaction model had the lowest
AIC but there was no detectable interaction between site and
month on pH (p=0.172). Therefore, the additive site and
month model, which had the second lowest AIC value and
significant predictors, was selected as the best model to fit
the data with detectable differences in measured pH between
months (p <0.001) and sites (p <0.001) (Table 1).

POC

Seawater POC generally decreased moving offshore and
ranged from a maximum of 764.23 mg/m? at the Biolumi-
nescent Bay site to a minimum of 53.96 mg/m? at the Veril
Site with no clear temporal pattern (Figs. 2E, 3E). Higher
POC was detected at the Bioluminescent Bay site compared
to all other sites (p <0.001) (Fig. 3E). There were no detect-
able pair-wise differences in POC between the Acidifica-
tion Buoy, Cayo Enrique, and Veril sites (p > 0.05) (Fig. 3E).
The site model was selected as the best model based on the
lowest AIC with detectable differences in measured POC
between sites (p <0.001) (Table 1). There was no detectable
effect of month on POC (p=0.93) or detectable interaction
between site and month on POC (p=0.808).

PON

Seawater PON generally decreased moving offshore and
ranged from a maximum of 166.13 mg/m? at the Biolu-
minescent Bay station to a minimum of 6.39 mg/m? at the
Veril station with no evident temporal pattern (Figs. 2F,
3F). Higher PON was detected at the Bioluminescent Bay
site compared to all other sites (p <0.001) (Fig. 3F). There
were no detectable pair-wise differences in PON between the
Acidification Buoy, Cayo Enrique, and Veril sites (p> 0.05)
(Fig. 3F). The site model was selected as the best model
based on the lowest AIC with detectable differences in meas-
ured PON between sites (p <0.001) (Table 1). There was no
detectable effect of month (p =0.993) or interaction between
site and month on PON (p =0.968).

sBc

Seawater 8!°C generally decreased moving offshore and
ranged from —27.0 to —8.0%0 with no evident temporal
trend (Fig. 2G). Consistently enriched (higher) values were
observed at the Cayo Enrique site, especially during spring
and fall, compared to the Bioluminescent Bay (p <0.01),
Acidification Buoy (p <0.001), and Veril (p <0.001) sites
(Fig. 3G). The most deplete 8'>C were observed at the Veril
site, which were also detectably more depleted (lower) than
Bioluminescent Bay 8'3C (p <0.001). There were no detect-
able pair-wise differences in 8'°C between the Acidification
Buoy, Bioluminescent Bay, and Veril sites (p >0.05). The
site model was selected as the best model based on low-
est AIC with detectable differences in 8'C between sites
(p<0.001) (Table 1). There was no detectable effect of
month (p=0.711) or interaction between site and month on
813C (p=0.439).
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Seawater 3'°N generally decreased from inshore to offshore
and ranged from 11.5 to 1.4%o throughout the year with
lower 8'°N generally recorded in winter months and higher
8'°N generally recorded in summer months (e.g., see code
for full pair-wise comparison of seawater 5!°N between
months) (Fig. 2H). Higher 8'5N values were observed at the
Bioluminescent Bay site compared to the Cayo Enrique and
Veril sites (p < 0.05) but were not detectably different from
the Acidification Buoy site (p > 0.05) (Fig. 3H). There were
no detectable pair-wise differences in 8'°N between the Cayo
Enrique, Acidification Buoy, and Veril sites (p > 0.05). The
additive month, site, and interaction model was selected as
the best model based on lowest AIC with detectable differ-
ences in measured 8'°N between sites (p=0.011), months
(p<0.001), and the interaction between site and month
(p<0.01) (Table 1).

C:N

Seawater C:N ranged from 4.59 to 16.46 throughout the
year with no evident temporal trend (e.g., see code for full
pair-wise comparison of seawater C:N between months)
(Fig. 2I). Higher values were observed at the Cayo Enrique
site, compared to the Bioluminescent Bay (p <0.01), but
were not detectably different from the Acidification Buoy

Site ® BB

PC2 (16%)
=)

|
N

-4 A

and Veril sites (p > 0.05) (Fig. 3D). There were no detectable
pair-wise differences in C:N between the Acidification Buoy,
Bioluminescent Bay, and Veril sites (p>0.05). The additive
site and month model had the lowest AIC but there were no
detectable differences between months (p =0.06). Therefore,
the site model which had the second next lowest AIC was
selected as the best model to fit the data with detectable dif-
ferences in measured C:N between sites (p <0.01), (Table 1).

Principal component analysis and covariation
between seawater parameters

Principal component analysis (PCA) further revealed detect-
able differences between the depth, precipitation, and the
biogeochemistry sampled at the Bioluminescent Bay site
compared to the Cayo Enrique, Acidification Buoy, and Veril
sites (Fig. 4). These differences were primarily driven by the
first principal component (PC1), which explained 35% of
the total variance and differentiated the Bioluminescent Bay
site based on higher temperature, salinity, POC, and PON,
lower pH and C:N ratios, and shallower depths compared
to the other sites (Fig. 4). The second principal component
(PC2) accounted for an additional 16% of the variance and
was primarily driven by 8'3C and 8'°N, which were nega-
tively correlated with each other, and precipitation, which
was positively correlated with 8'°N (Fig. 4).

NQ ¢ AB & VL

PC1 (35%)

Fig. 4 Principal component analysis of the parameters: Total depth,
Temperature, Salinity, pH, Precipitation, C:N ratio, Particulate
organic carbon (POC), Particulate organic nitrogen (PON), Carbon
stable isotope (d'*C), and Nitrogen stable isotope (d'°N). Clusters of
shapes with different colors represent sampling stations: red circles
indicate the Bioluminescent Bay (BB) sampling station, the orange
triangles indicate the Cayo Enrique (NQ) sampling station, the light
blue diamond indicate the Acidification Buoy (AB) sampling sta-
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tion, and the dark blue squares indicate the Veril (VL) sampling sta-
tion. The length of the vectors (lines) show the strength of their effect
over each principal component. Vectors pointing in similar directions
indicate positively correlated variables, vectors pointing in opposite
directions indicate negatively correlated variables, and vectors at
proximately right angles indicate low or no correlation. Ellipses indi-
cate 95% confidence intervals of samples clustering within the ellipse
for each station
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Discussion

We observed persistently warmer, more acidic, and higher
particulate organic matter conditions year-round at the
inshore sites compared to sites further offshore (Figs. 2, 3,
4) likely due to a combination of differences in bathymetry,
depth, flow rates, detrital material, and benthic community
composition among sites (Hofmann et al. 2011; Anders-
son and MacKenzie 2012; Drupp et al. 2013; Page et al.
2019) (Table 2). For example, the most extreme seawa-
ter conditions in this study were observed in the shallow,
inshore Bioluminescent Bay and were distinctly different
from the more offshore sites (Fig. 4). We hypothesize that
the semi-enclosed geomorphology of the Bioluminescent
Bay presumedly limited seawater exchange, while limited
freshwater inputs and continued evaporation generated
higher salinities (Garcia-Troche et al. 2021) and a high bio-
mass of seagrasses and mangroves generated substantial
biogeochemical modification of seawater in the bay com-
pared to the other sites (Figs. 2, 3, and 4). Conversely, less
detectable differences in seawater parameters were observed
between the more offshore Acidification Buoy and Veril sites
(Figs. 2, 3, and 4), which were characterized by more open
seawater exchange with offshore waters. Higher chlorophyll-
a and turbidity were previously measured at inshore sites rel-
ative to offshore sites by sensors deployed across LPNR by
Otero and Carbery (2005) suggesting these patterns of ele-
vated nearshore organic matter may be a consistent feature
of LPNR. On a smaller spatial scale, warmer and less acidic
waters were observed at the shallow Cayo Enrique station
relative to the Acidification Buoy station (Figs. 2, 3). This
smaller spatial scale variability between these two stations
located just~ 150 m across the shallow reef flat (Fig. 1B) is
likely due to the very shallow reef flat between the stations
that led to a high degree of biogeochemical modification.
Similar daytime higher temperatures and elevated pH were
observed over a carbonate sediment sandbar in Kane’ohe
Bay, Hawai’i suggesting warming driven by daytime solar
insolation and pH buffering by CaCOj; dissolution could be
common features of shallow carbonate sands of coral reef
environments (Page et al. 2019). The benthos of the Cayo
Enrique station was also dominated by seagrasses, which

would have further increased sampled seawater pH owing
to net daytime photosynthesis (Bergstrom et al. 2019).
However, the degree to which we are measuring the biogeo-
chemical memory of seawater modification by the shallow
reef flat vs the localized biogeochemical modification by
the seagrass bed would require more in depth hydrodynami-
cal studies coupled with higher frequency measurements in
future studies.

This small-scale spatial variability over the shallow reef
flat highlights the importance of depth, with increasing bio-
geochemical modification of overlying seawater typically
observed for decreasing depths (Cyronak et al. 2019). Con-
versely, water column processes can become increasingly
important drivers of coral reef seawater biogeochemistry,
especially for deeper coral reef sites, and warrants additional
consideration in future studies to be better elucidate the rela-
tive contribution of benthic and water column processes on
coral reef biogeochemistry (Long et al. 2019; Pezner et al.
2021). Collectively, these inshore—offshore differences in
measured seawater parameters between sites highlight a
combination of biological and physical factors as drivers of
seawater chemistry with biological drivers primarily influ-
encing the direction of biogeochemical modification while
hydrodynamics primarily controlled the magnitude of bio-
geochemical modification (Lowe and Falter 2015; Page et al.
2019; Rintoul et al. 2022).

Limited temporal variability was observed for most of
the parameters except for temperature, salinity, and pH
(Fig. 2). Seawater temperatures followed expected patterns
in seasonal insolation with the warmest waters observed in
late summer and the coolest waters observed in late win-
ter (Fig. 2A). Similarly, salinity followed expected declines
associated with the local wet season from August to Novem-
ber and seasonal freshwater influxes from the distal Orinoco
River (Corredor and Morell 2001) (Fig. 2B). Seawater pH
was slightly reduced during the late fall when seawater tem-
peratures were warmer, and salinities were lower (Fig. 2D).
This pH variability was enhanced at the Bioluminescent Bay
site during the wet season (Fig. 2D), which was also charac-
terized by high values of particulate organic matter (Fig. 2E,
F). Previous studies have suggested that temporal increases
in heterotrophy of organic matter reduced seawater pH

Table 2 Mean+ standard Site Depth (m) Temperature (°C) Salinity  pH POC PON CN 5% &N

deviation for all sampled (mg/m®)  (mg/m?) (%o) (%o)

parameters are reported for each

sampling station BB 45 29+1 364407 7.76+0.13 4324160 72432 6+1 —21+25+2
NQ 4 28+ 353+0.6 8.06+0.05 134+85 16+5 8+3 —18+44+2
AB 6 28+1 352408 7.99+0.03 114+27 1543 7+1 —23+25+2
VL 25 28+ 1 353+0.6 8.01+£0.03 85435 11+4 843 —24+14+3

BB Bioluminescent Bay sampling station, NQ Cayo Enrique sampling station, AB Acidification Buoy sam-
pling station, VL Veril sampling station
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within the Bioluminescent Bay (Garcia-Troche et al. 2021)
and net heterotrophy and CaCO; dissolution, which decrease
and increase seawater pH, respectively, were the dominant
metabolic processes at the Acidification Buoy site from late
spring to fall (Meléndez et al. 2022). While the primary wet
season is from August to November, additional spring show-
ers are typical in April and May and coincided with a similar
decline in seawater pH and increase in particulate organic
matter at the Bioluminescent Bay station (Fig. 2C-F). In
contrast, there was no consistent, detectable temporal vari-
ability in seawater POC and PON outside of Biolumines-
cent Bay although some higher frequency variability in these
parameters was recorded (Fig. 2E, F). Given the monthly
sampling regime limitation, we were unable to determine
any potential drivers of this higher frequency POC and PON
variability. However, previous short-term deployments of
sensors measuring turbidity and chlorophyll-a every 10 min
recorded substantial high frequency variability within and
between sites in LPNR (Otero and Carbery 2005). Future
studies should therefore conduct higher frequency meas-
urements of particulate organic matter and phytoplankton
biomass coupled with their potential environmental drivers
to determine possible drivers for POC and PON temporal
variability in LPNR. Comparing diel changes in tempera-
ture, salinity and pH across sites would also provide insight-
ful information and increase our understanding of LPNR
ecosystem dynamics.

Elevated nearshore particulate organic matter (Figs. 2, 3)
highlights mangroves and seagrasses as potentially important
functional links of nutrition export to offshore coral ecosys-
tems (Odum 1968; Odum et al. 1979; Lee 1995; Alldredge
et al. 2013; Skinner et al. 2022). The LPNR coastline and in
particular the Bioluminescent Bay is lined with mangrove
forests (Fig. 1), which typically export up to 50% of organic
matter produced to coastal oceans, of which 10-11% is in
the form of POC (Alongi 2014; Vega Rodriguez and Aponte
2008). In LPNR, tidal particulate organic matter exports of
1.1 g C/m%/d have been measured from red mangrove (Rhiz-
ophora mangle) forests (Golley et al. 1962); however, more
recent measurements would be needed to determine whether
this export has remained constant under ongoing climate
change, land-use change, and hurricane impacts. Previous
sediment traps in LPNR revealed a similar range of 8'3C
(= 19.62 to— 16.12%0) and 8"°N (1.38-3.46%o), concluding
that most of the sinking particulate organic matter originated
from an autochthonous mixture of algae and seagrass with
generally minimal terrestrial inputs that increased closer to
shore (Otero 2009). We generally observed inshore enrich-
ment of §!°C at the Bioluminescent Bay and Cayo Enrique
sites (Fig. 3G), which was similar to patterns of coastal
enrichment of 8'3C observed in the Florida Keys (Lamb
and Swart 2008). Similarly, 89N was more enriched at the
inshore Bioluminescent Bay site; however, there was greater
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within site variability and differences between inshore and
offshore sites were not as consistent as with '°C (Fig. 3H),
which also coincides with patterns observed for 8'°N in the
Florida Keys by Lamb & Swart (2008). Additionally, the
PCA revealed a positive correlation between precipitation
and 8'°N (Fig. 4) and there was a significant interaction
between site and month, suggesting surface runoff follow-
ing rain events is a likely source of particulate organic mat-
ter to LPNR. This pattern was particularly apparent for the
Bioluminescent Bay site (Fig. 2), which had the greatest
variability in 8'°N and is most directly impacted by coastal
runoff owing to its semi-enclosed geomorphology and prox-
imity to the shoreline. Although the initial evidence suggests
that elevated inshore POC, PON, §'3C, and 8'°N (Figs. 2,
3) were related to outwelled particulate organic matter from
the coastal mangroves of LPNR, the §"°C,.,, = —21.3%o,
8N, .., =4.7%0, and C:N,__, =7.52 indicate a mixture of
primarily marine allochthonous and autochthonous organic
matter (i.e., bacteria, phytoplankton, zooplankton, detri-
tal matter, terrestrial plant material, and marine algae) as
opposed to a single source (Fig. 5) (Lamb et al. 2006; Lamb
and Swart 2008).

One potential explanation for particulate organic mat-
ter 8'3C and 8'N representing a mixture of organic mat-
ter sources is that the Bioluminescent Bay is surrounded
by mangroves, patched by seagrasses, and tidally flushed
by marine waters. Additionally, phytoplankton §'*C val-
ues can become enriched relative to the open ocean in
regions with high autochthonous production, depending
on the availability of carbon dioxide (CO,) in the system
and the ability of the phytoplankton to uptake bicarbonate
(HCO;57) (Oczkowski et al. 2008, 2014). The Biolumines-
cent Bay is famous for large abundances of bioluminescent
phytoplankton (Margalef 1961; Soler-Figueroa and Otero
2015), suggesting a high degree of autochthonous produc-
tion is likely to enrich 8'°C in the bay. The limited exchange
of seawater through the mouth of the Bioluminescent Bay
could also generate a high degree of internal organic mat-
ter recycling and subsequently, further modification of §'*C
and 8'°N before export. We also observed enriched §'°C
and depleted 8'°N at the seagrass dominated Cayo Enrique
site, which are typical indicators of seagrass productivity
(Skinner et al. 2022). This simultaneous enrichment of
8'3C and depletion of 8'°N by seagrasses could also explain
the inverse correlation between 8'°C and 8'°N in the PCA
from this study (Fig. 4). Additionally, pelagic Sargassum
spp. influxes into LPNR have been increasing since 2011,
with fresh sargassum, decomposing sargassum, and sargas-
sum brown tides observed during our sampling period that
likely contributed seasonally to organic material in LPNR
(Hernandez et al. 2022; Pérez-Pérez 2022; Ledn-Pérez
et al. 2023). However, pelagic Sargassum spp. 8'°N from
Mexico (range = — 2.8 to — 0.3%o; (Cabanillas-Teran et al.
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2019) was substantially lower than the 8'>N observed in this
study (range = 1.4-11.5%o0). This suggests the leachates of
decaying Sargassum spp. mats either had a limited impact
on overall particulate organic matter export in LPNR or were
fractionated upon remineralization. Collectively, it therefore
appears most likely that the particulate organic matter in
LPNR represents a combination of mangrove, seagrass, and
marine sources and was subsequently modified by local-
scale biogeochemical processes and mixing with offshore
seawaters, resulting in a potential functional link of energy
transfer in the form of particulate organic matter dispersal
across the coastal ecosystems of LPNR.

The shallow, nearshore waters of the Bioluminescent Bay
in this study were also associated with local amplification
of warming and acidification (Fig. 4), suggesting that any
potential benefits of particulate organic matter inputs must
offset this local nearshore intensification of global-scale
ocean warming and acidification. Coral heterotrophy can
ameliorate post-bleaching coral stress (Grottoli et al. 2006;
Houlbreéque and Ferrier-Pages 2009; Levas et al. 2016) and
maintain coral calcification under reduced seawater pH
(Houlbreque and Ferrier-Pages 2009; Kealoha et al. 2019)
suggesting the continued supply of organic matter is an
important factor that modulates coral reef resistance and
resilience under the climate crisis. While outwelled organic
matter is often detrital with refractory components and
limited bioavailability (Hemminga et al. 1994; Schlacher
et al. 2009; Bainbridge et al. 2018), corals can assimilate
nitrogen from a wide range of detrital organic matter and
benthic sediments suggesting that organic matter, regard-
less of quality, is likely an available source of nitrogen for
reef-building corals (Mills and Sebens 2004; Mills et al.

2004; Houlbreque and Ferrier-Pages 2009). We therefore
hypothesize that the covariation of local amplification of
warming and acidification coupled with elevated organic
matter driven by the intersection of coastal geomorphol-
ogy, hydrology, and functional links between mangrove,
seagrass, and coral ecosystems observed in this study may
also apply to other nearshore tropical reef systems. Similar
inshore—offshore gradients of temperature and chlorophyll-
a have been associated with potential coral reef refugia
composed of stress-tolerant and weedy corals under ongo-
ing environmental change across the Belize Barrier Reef
System (Baumann et al. 2016). Moreover, numerous studies
have suggested nearshore regions with high light attenuation
may confer coral resilience to climate change, which could
be partly due to elevated available coral nutrition (Sully and
van Woesik 2020; Elahi et al. 2022). Further studies should
assess in situ patterns of coral heterotrophy with respect to
nearshore localized intensification of warming and acidifica-
tion to better understand how the covariation of these drivers
may confer resilience (or not) to nearshore and coastal coral
communities. As mangroves and seagrasses continue to
decline globally (FAO 2007; Waycott et al. 2009), this sup-
ply of organic matter may subsequently diminish and reduce
the resiliency of nearshore coral reef systems dependent on
outwelling from mangroves and seagrasses. Conversely, the
recent influx of Sargassum spp. to the coastal regions of
the Caribbean could be an important source of nearshore
organic matter, acidification, and hypoxia that warrants
further investigation for its impacts on nearshore coral reef
communities (van Tussenbroek et al. 2017; Cabanillas-Teran
et al. 2019; Hernandez et al. 2022; Pérez-Pérez 2022; Ledn-
Pérez et al. 2023).

@ Springer



1324

Coral Reefs (2023) 42:1313-1327

Mangroves and seagrasses are important drivers of the
biogeochemical processes within nearshore coral reef eco-
systems and the functional linkages between these systems
are likely important for nearshore multi-ecosystem resilience
with numerous synergistic benefits for coastal ecosystem
services and communities (Harborne et al. 2006). Because
the co-benefits of these coupled mangrove, seagrass, and
coral ecosystems can be greater than the services provided
by each of these systems individually (Guannel et al. 2016),
there should be additional efforts to better understand the
functional linkages that exist between them and how these
may change under ongoing local and global-scale distur-
bances. Regardless, an expanded emphasis on conserving
mangrove, seagrass, and coral reefs as coupled ecosystems
to preserve their functional links will likely be of great
importance within LPNR and across global tropical coastal
regions to maintain essential support and ecosystem services
to adjacent coastal communities.
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