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ABSTRACT

Carbon (C) cycling is an important attribute of mangrove forests that relates to the structure,
function, and resilience of mangroves under environmental change. Increased nutrient
enrichment in tropical coastal waters may influence C cycling through organic C mineralization.

For example, by alleviating nutrient limitation of the heterotrophic microbial community,
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nutrient enrichment may enhance C mineralization and facilitate a loss of within-stand C
sequestration. Here, we enriched a coastal fringe Rhizophora mangle (L.) mangrove system for
two years with two fertilizer regimes to mimic agriculture runoff (“+high” N:P ratio of 50:1) and
urban runoff (“+moderate” N:P ratio of 16:1) scenarios as follows: (1) annual loading rate of 70
g N m 2year 'and 3.1 gP m 2year ! or (2) annual loading rate of 70 g N m 2 year ! and 9.7 g
P m 2 year "' . C mineralization was measured as microbial respiration rates from the forest floor
and litter decomposition rates. While decomposing leaf litter and green leaves had lower molar
C:N under the +moderate N:P fertilization course, neither fertilization scenario produced an
effect on C mineralization processes compared with ambient conditions. Substrate CO 2 flux
rates were not different among treatments and ranged from 1.15 to 1.81 pmol CO o m s "1 (3.0
to 4.8 g CO »m 2day ') following 72 weeks of fertilization and 0.58 to 1.55 umol CO ; m s !
(1.5t04.1 gCO ,m 2day ) 30 weeks following the end of the experiment. Time to 50% decay
of above-ground leaf litter ranged from 61 to 110 days (average 79 days). Below-ground leaf
litter material was fully decomposed by 22 months after burial. A '3 N pulse-recovery suggests
that the majority of the retained fertilizer (22.2 + 4.4% at 10 months following spike) was taken
up by fine roots, though this did not significantly affect CO > flux from the forest floor. This
work demonstrates that nutrient enrichment by aqueous delivery does not strongly affect organic
carbon mineralization in a coastal fringe mangrove within two years. Environmental conditions,
substrate quality, and location may play a more substantial role in mangrove C dynamics

compared with short-term aqueous-based nutrient enrichment.
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1. Introduction

Mangrove ecosystems are often attributed for providing services such as storm buffering
(Das and Vincent, 2009), wastewater depuration (Corredor and Morell, 1994), sea level rise
resilience (McKee et al., 2007), enhancement of secondary production (Mumby et al., 2004), and
carbon (C) sequestration (Bouillon et al., 2008; Donato et al., 2011). Each of these processes is
directly linked to organic matter production and turnover rates within the mangrove system; thus
the mechanisms and driving factors of organic matter production, decomposition, and retention
are necessary elements for understanding mangrove ecosystem services. The mangrove habitat —
ranging from warm temperate to tropical coastlines — is subject to increasing anthropogenic
nutrient (nitrogen, N and phosphorus, P) loading rates due to human population growth, urban
development, and changing land use practices (Corredor et al., 1999; Downing et al., 1999;
Nixon et al., 2007). Globally, regions with the greatest increase of inorganic nutrient input to
coastal waters (over 500 kg of dissolved inorganic nitrogen (DIN) km? year!) include densely
populated areas of the Indian Ocean, southwest Pacific, and to a smaller extent the Caribbean
Sea (Deegan et al., 2012) where mangroves dominate the vegetated coastline. While temperate
coastal systems are primarily N-limited (Howarth and Marino, 2006), tropical coastal ecosystems
have been found to be either N and/or P limited depending on factors such as sediment delivery,
N-fixing microbial activity, and sediment cation exchange capacity (Corredor et al., 1999;
Tappin 2002; Reef et al., 2010). The rapid anthropogenic enhancement of biologically-available
inorganic nutrients (Howarth, 2008) combined with the central importance of the C cycle for
coastal ecosystem function drives the need for an understanding of organic C processes under

enriched nutrient conditions in mangrove systems.
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Within the mangrove forest, the main source of organic material comes from tree
production (Bouillon et al., 2008; Kristensen et al., 2008). The evolutionary effects of resource
limitation and environmental regulation (sensu Twilley and Rivera-Monroy, 2005) are
physiological adaptations by the mangrove trees to conserve nutrients, limit herbivory, and
maintain internal osmotic balance (Ball, 1988). These adaptations lead to low energetic quality
of mangrove organic matter (OM): Nutrient (nitrogen, N and phosphorus, P) concentrations of
senescent leaves are low due to efficient resorption before leaf abscission (Feller et al., 1999);
high tannin levels deter herbivory of live leaves (Feller, 1995); high leaf sclerophylly limits
water loss from evapotranspiration (Ball, 1988).  Given the poor nutritional quality of this
refractory material, higher trophic levels (e.g., shredder crabs) do gain the majority of their
energy from the direct assimilation of mangrove OM (Méziane et al. 2006). However the detrital
pathway as described by Odum and Heald (1975) postulates that mangrove OM quality is
enhanced and made available for secondary trophic level use via microbial decomposition and
fungal colonization, which in turn are the main sources of energy for resident shredding
consumers (Méziane et al. 2006). Coincident with this pathway, microbial OM remineralization
promotes nutrient recycling within the forest system for primary producer uptake (Holguin et al.,
2001). Thus the rate of mangrove OM degradation is a bottleneck step for system-wide energy
flow, with slow rates supporting within-stand nutrient conservation (Reef et al., 2010).
Furthermore, any mangrove OM that is not directly consumed, decomposed, or physically
exported becomes retained within the soil matrix (Cebridn et al., 1998). Mangrove systems with
low decomposition rates and low flushing conditions develop deep structural platforms of peat

and a biological capacity to maintain elevation relative to sea level rise (McKee et al., 2007). An
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enhancement of OM decomposition in coastal wetlands by nutrient enrichment may deter this
ability to maintain structural peat (Deegan et al., 2012).

Increased nutrient availability within a system may directly or indirectly affect OM
decomposition rates. Indirect effects of nutrient enrichment include changes to the substrate
quality or input rate. Nutrient resorption before leaf senescence and abscission can be regulated
by the local availability of the same nutrient (Vitousek,1984; Schlesinger et al., 1989;
Killingbeck,1996). Feller et al. (1999; 2009) demonstrated a negative relationship between
nutrient input and leaf nutrient resorption in fertilized mangrove systems, allowing more of the
nutrient to be “lost” to the benthic community under enriched conditions. In addition, Feller
(1996) demonstrated that leaf sclerophylly decreased by 20-60% with phosphorus enrichment in
severely P-limited dwarf mangroves. With regards to organic material input rates, results are
variable based on site-specific conditions. Boto and Wellington (1983) measured greater leaf
production within the first year of fertilization of a north Queensland mangrove, presumably
enhancing the amount of organic matter available to the decomposer community. N limitation
relief also enhanced above-ground production within fringe and dwarf mangrove stands in
Florida (Feller et al. 2003; Whigham et al. 2009). However Tam et al. (1998) reported no change
in the amount of mangrove litter production with fertilization from wastewater discharge.
Depending on the nutrient limitation status of the mangrove forest, it is reasonable to predict
greater rates of OM decomposition given a more favorable quality and availability of substrate
under enriched nutrient conditions.

An example of direct effect to OM decomposition by nutrient enrichment would be
nutrient limitation relief for the microbial decomposer community by supplementing inorganic

nutrients in place of organic substrate-derived nutrients (Debusk and Reddy, 2005). Castafneda-
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Moya et al. (2011) measured higher rates fine-root turnover in a mangrove system relieved of P
limitation compared with a P-limited system. Similarly, Feller et al. (1999) found higher rates of
decay for buried cotton strips when fertilized with P. In contrast, Poret et al. (2007) found that
nutrient availability was not a main driver of below-ground decomposition rates.

Keuskamp et al. (2017) shed light upon the complicated discrepancy of nutrient
limitation by producers vs microbial decomposers: Whereas mangrove OM input was limited by
P, microbial decomposers were N-limited due to the protein-binding tannins from the leaf litter.
While nutrient relief may enhance microbial decomposer activity, there is evidence of negative
feedback by nutrient enrichment if the inorganic nutrient supply decreases the “need” for OM
breakdown to collect nutrients (Knorr et al., 2005; Craine et al., 2007). The overall effect of
nutrient enrichment on OM decomposition continues to present as complex and variable and
requires additional evidence from a variety of locations.

Previous studies have demonstrated enhanced heterotrophic microbial activity under
direct nutrient stimulus in freshwater systems (Robinson and Gessner 1999), salt marshes
(Wigand et al., 2009; Deegan et al., 2012), and subtropical wetlands (Corstanje et al., 2006;
Debusk and Reddy 2005). Mangrove studies, on the other hand, have presented mixed results of
OM decomposition under enriched nutrient conditions. Tam et al. (1998) found no relationship
of mangrove litter decay rates along a nutrient gradient extending from a sewage treatment plant
at Shenzhen, China. Similarly, Feller et al. (1999) found no difference in decomposition rates of
submerged leaves within a fertilized dwarf Rhizophora mangle at Twin Cays, Belize, although
below-ground decomposition was enhanced with buried fertilizer cores. Keuskamp et al. (2015)
used a multi-factorial design to differentiate source material enrichment versus direct nutrient

enrichment of decomposing litter at sites in Belize and Florida. In a P-limited mangrove system,
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enhancement of litter quality with P fertilization stimulated OM decomposition rates; however,
direct fertilization of the decomposition matrix without pre-enriched litter did not affect OM
decomposition rates. From these works it appears that OM decomposition and retention are
modulated via the indirect pathway of substrate quality and quantity and not necessarily by direct
nutrient input.

To date, the majority of mangrove nutrient enrichment field studies have been conducted
using buried fertilizer (Boto and Wellington 1983; Feller 1995; Feller et al. 2003; Lovelock et al.
2009; Simpson et al. 2020). The benefit of this method is that fertilizer is not lost by tidal action
or volatilization, but a limitation is that the added nutrients are not first encountered and
modified by the microbial community or biogeochemical context on the surface of the forest
floor (Whigham et al. 2009). Anthropogenic nutrients are often transported to coastal
ecosystems via water channels (Howarth et al. 1996) and are likely to interact with components
of the intertidal system differently compared with belowground cores of fertilizer (Deegan et al.
2007). Therefore, this study will deliver nutrients by surface-level aqueous application to more
closely mimic current-day anthropogenic nutrient input.

This study examines organic C mineralization under direct nutrient application as well as
sourced organic material from mangrove trees that have encountered nutrient enrichment. The
main purpose of this study is to report on the response by fast-turnover (e.g., microbial)
communities within a two-year period of periodic nutrient enrichment with three scenarios of
nutrient enrichment of a fringe mangrove (Lugo and Snedaker 1974). The fertilizer treatments
were +high N:P (50N:1P), +moderate N:P (16N:1P), and control (ambient channel water).
+High N:P fertilizer represents nutrient input from agriculture sources (sugarcane watershed

drainage N:P = 43.9; Faithful et al. 2007), and +moderate N:P fertilizer represents nutrient input
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from urban sources (urban drainage N:P = 12.6; Hopkinson and Day 1980). The rate of N
addition is equivalent for both fertilization scenarios, with P addition altered for the appropriate
ratio. Fertilizer was applied on a plot-level (4 m?) scale every-other week to mimic pulsing
events by aqueous flow. Microbial activity was measured via above- and below-ground litter
decomposition and CO; flux from the forest floor to make inferences about the effect of aqueous

pulsing of nutrients over two years.
2. Methods

2.1. Study system

This study was conducted in a fringe mangrove (Lugo and Snedaker 1974) at the eastern
side of the mouth of Jobos Bay (17° 55.5’N 60° 12.2°W) in southeastern Puerto Rico (Figure 1).
The vegetation community is dominated by Rhizophora mangle (L.) with intermittent
Laguncularia racemosa (L.) C.F. Gaertn, which extends from the shoreline 10 to 20 m and
transitions into an Avicennia germinans (L.) forest. Mean annual rainfall ranges 106 — 114 cm,
with a dry season from December through March and a rainy period from July through October
(Capella, 2008). Air temperature is relatively constant throughout the year, with a range of
average daily temperature from 16.5 — 35.7° C and an annual average of 26.4° C. Several small
rivers and intermittent streams empty into the bay, but no freshwater discharge reaches the
mangrove cays at the mouth of the bay. The tidal profile is mixed diurnal microtidal (17 — 36 cm
tidal range) with largest tides of the year occurring in October (Field 2008).

Sites were selected to reflect the least amount of relative anthropogenic nutrient input,
based on the following information: (i) Mangroves at the mouth of Jobos Bay receive
overflowing tidal water from a channel that flows directly from the Caribbean Sea into the bay;

(ii) Stable isotope (°N) signatures suggest that rooted vegetation communities of Jobos Bay are
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disconnected from mainland-derived nutrient runoff (Bowen and Valiela, 2008); (iii) Any
potential input from the nearest residential community (Punta Pozuelo) would be buffered by a
region of sand dunes and forest, and sewage from the community is discharged away from the
bay; (iv) The closest Jobos Bay National Estuarine Research Reserve monitoring station has
consistently lower ambient nutrient (DIN, DIP) levels compared with stations within the bay

(NERRS 2015).

2.2. Nutrient enrichment

A two-year nutrient enrichment protocol (October, 2011 to September, 2013) was
conducted with three levels of nutrient enrichment: +high N:P (50N:1P), +moderate N:P
(16N:1P), and control (ambient channel water). The total amount of N added was equivalent for
both enriched treatments, with different amounts of added P. +High N:P fertilization represented
nutrient input from agriculture sources (sugarcane watershed drainage N:P = 43.9; Faithful et al.,
2007), and +moderate N:P fertilization represented nutrient input from urban sources (urban
drainage N:P = 12.6; Hopkinson and Day, 1980). The annual loading rates were 70 g N m™ year-
I'and 3.1 g P m? year! (“agriculture” +high N:P fertilizer), 70 ¢ N m? year! and 9.7 g P m?
year! (“urban” +moderate N:P fertilizer), or 1 L local channel water without fertilizer
(“ambient”). With the assumption that the experimental area is submerged by 6 cm of tidal
water for half of the year (approximate mean high water), the total annual nutrient loading is
calculated to be approximately 30 times the amount of DIN loading by tidal overflow (NERRS,
2015). An estimate of P loading increase is difficult to make because channel water phosphate
levels were below the detection limit over 80% of the experiment time period (NERRS, 2015).

The experimental design was a randomized block, where three blocks were spaced at

least 100 m apart along the coastal edge (5 m from the shoreline). Within each block, three 4 m?
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quadrats were established with at least 3.5 m spacing to prevent nutrient exchange among
quadrats. A qualitative flow test using dye and particulate material was conducted to determine
that lateral flow was not occurring among quadrats during a tidal cycle. Nutrients were added
every other week, and most often coincided with low tide to ensure that nutrients diffused into
the soil. For each quadrat, a stock solution of NH4Cl and KH>PO4 was prepared in 250 mL
deionized water at the laboratory within one week of application, which was then mixed with 1 L
of local channel water immediately before application with a hand-pumped sprayer. Care was
taken to keep the spray nozzle close to the forest floor to minimize volatilization, and to spray
evenly throughout the quadrat. Workers stepped outside of the quadrat perimeter or balanced on
sturdy prop roots so the forest floor was not disturbed.

To determine whether fertilizer stayed within the enriched quadrats, a one-time spike of
N-ammonium sulfate (95.2% isotope enrichment) was applied over two concurrent days in
August 2013 (21 months after the start of the experiment) to the +moderate N:P quadrats. Tidal
inundation of the plots occurred following each application. The '’N-enriched application
followed the fertilization procedure described above, with designated hand sprayers to prevent
subsequent isotopic contamination. Within the first month following the spike, 1.4 to 4.6% was
calculated to be retained in the standing litter and 5.2% in the top sediment layer. Fine roots
were not sampled during this initial period. At 10 months following the spike, 16.6 to 23% of
the >N tracer was recovered within all sampled biomass components (leaves, surface sediment,
decomposing litter, and fine roots) with over 50% of the !N tracer recovery in fine roots. Larger
roots, wood, and deep cores were not sampled; therefore this may be an underestimate of the

total fertilizer retention (Jessen, 2016).
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Limited resources prevented a full sampling of all treatment quadrats for C:N analyses
(described below). We report on characterization of quadrats receiving ambient treatment
compared with +moderate N:P treatment, which is the highest amount of total nutrient addition.
As the +high N:P treatment delivers the same level of N addition but lower amounts of P, we
made the assumption that +moderate N:P treatment conditions would present the greatest

opportunity to detect change.

2.3. Sediment characterization

At the end of the experiment, surface layer (2 to 5 cm) sediment cores were sampled to
determine bulk density, percent organic matter content, and total C and N. For bulk density, two
small 3 cm-diameter cores were sampled to a depth of 4.5 cm with a volumetric plastic corer
(30.4 cm?), after fine roots were cut from around the corer during insertion to avoid compaction.
The samples were dried at 45° C until a constant weight was reached. The same samples were
used to calculate percent organic matter content by burning at 550° C for at least six hours to
obtain an ash-free dry weight.

The organic layer of sediment (0 to 2 cm) was sampled with a cut-off syringe (2 cm
diameter) at three locations within each quadrat. The samples were combined for processing and
analysis. Mangrove roots with a diameter greater than 2 mm were removed, and the
sediment/fine root samples were ground with a mortar and pestle. Triplicate subsamples of the
homogenized sediment were analyzed for total C and N on a Thermo Scientific Flash EA-112
CHNSO analyzer (U. S. EPA Atlantic Coastal Environmental Sciences Division, Narragansett,

RI) and averaged for the reported C:N value.

11
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2.4. Field measurements

2.4.1. CO: flux measurements

Carbon dioxide (CO») flux from the forest floor under unflooded conditions was
measured during the dry season (March 2013; 72 weeks from the start of nutrient enrichment).
All three experimental blocks were measured during the day in March 2013. A comparative
measurement was made for all blocks during daytime in May, 2014, following 30 weeks of
“recovery” from chronic nutrient enrichment pulsing. Each sampling period was conducted over
a course of three days (one block per day).

For each measurement of CO; flux, three to five replicate locations within each quadrat
(at least nine replicates per treatment) were haphazardly selected to place sediment collars. The
selection criteria were areas that did not have significant (> 5 c¢m?) macroalgae cover, L.
racemosa pneumatophores or R. mangle aerial roots, numerous (> 5) or large (> 1 cm) crab
burrows, and had not been previously disturbed by coring. If a large below-ground root blocked
a complete collar insertion, a new location was selected. To maintain consistency, any large
pieces of recent litter fall (e.g., new leaf fall that had not become part of the sediment matrix)
were carefully removed by hand and the area was left to rest for at least 30 minutes after collar
insertion. PVC sediment collars (6 cm height, 10 cm diameter) were hand-pushed or gently
hammered into the ground to at least 4 cm depth. The exposed collar height was measured at
four points and the average value was used to calculate the final chamber volume (approximately
995.4 cm? total volume). Pertinent features of the measurement area (crab burrow count and
size, macro-algae area) were measured. A soil temperature probe was inserted 4 cm into the soil

approximately 1 cm from the outer edge of the collar at the time of each measurement.

12
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A Li-Cor 8100 Infrared Gas Analyzer (IRGA) chamber was placed over each soil collar,
using foam rings to ensure an air-tight seal. Ambient CO; concentration within the chamber was
measured every two seconds for a total incubation of three and a half minutes. The initial 30-
seconds of the incubation period was not included in this analysis to allow for gas flushing
through the lines.

The values within an incubation period were plotted using the software package LI-8100
Viewer. A linear regression was performed to calculate a rate of change in CO2 concentration
over the incubation period. The coefficient of variation (flux CV) for each regression ranged
from 1.07 to 1.71. The CO> concentration units (umol CO> m™ s™), were calculated using the
assumption that at 25°C, 1 atm pressure and a molar mass of 12.0 g C mol!' CO;, the molar
volume was 24.5 L mol™'. Flux values calculated for each incubation (replicate) were averaged

by quadrat prior to statistical analysis.

2.4.2. Above-ground Litter Decomposition

Decomposition of leaf material on the forest floor was measured with litter
decomposition bags (Karberg et al., 2008) over a two-month period from July to October (2013).
Locally-sourced senescent leaves that had recently fallen on the forest floor (identified as yellow
to light-gold color) were collected within each experimental quadrat and kept separate according
to the treatment and block. It was assumed that leaves collected within each quadrat were
sourced by trees that encountered nutrient treatment for that quadrat. The leaves were kept cool
during transport to the laboratory, then rinsed in distilled water and air-dried for 24 hours at
room temperature. Four to five air-dried leaves were sealed within a 14 cm x 14 cm fiberglass

mesh litter bag with 1 mm? pores to exclude macroinvertebrate shredders. Care was taken to

13
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ensure that the leaves lay flat and separated within the litter bags for consistent exposure to the
forest surface.

Approximately 50 additional leaves were collected from the surrounding area of all
experimental units for a fresh weight to dry weight conversion factor. The leaves were rinsed
and air-dried for 24 hours, weighed (“fresh weight”), then dried at 45° C until a constant weight
was reached (“dry weight”). A linear regression of fresh weight to dry weight was used to
convert the fresh weight of the initial litterbag samples to dry weight for comparison with the
oven-dry recovered leaf tissue.

Immediately after preparation, five bags were deployed at each experimental quadrat (day
0). One litterbag was removed from each quadrat at 9, 32, 60, and 90 days and placed in a cooler
for transport to the laboratory. At the laboratory, the contents of the bag were submerged in
distilled water and gently cleaned to remove sediment. After cleaning, the contents of each bag
were dried at 45°C until a constant weight was reached.

The amount of organic material lost over the decomposition period was expressed as a

percentage of the initial mass:

Percent mass remaining = [(final dry weight)/(calculated initial dry weight)]*100

(Eq. 1)

Most of the decomposing litter displayed a linear decay trend within the study time;
therefore, a linear regression with Microsoft Excel was used to compare the mass loss among all
of the decomposition time series. Based on similar mangrove litter decomposition studies (Tam

et al., 1998: 10 weeks; Ake-Castillo et al., 2006: 21.5 weeks; Keuskamp et al., 2015: 36 weeks),

14
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the degradation trends would likely follow an exponential decay if the incubation period were
longer. To compare our decay rates (k) with other studies that used an exponential decay model,
we used the linear model to calculate the time to reach 50% decay (#0.5), which was then fit
within the experimental decay model X = Xpe'* ,where X is the final sample weight, Xy is the
initial sample weight, k is the decay rate, and ¢ is the time of decomposition in days. Thus k is

calculated by

[In (0.5)]/ 105 =k (Eq.2)

Collected litter samples were ground using a Wiley-grinding mill with a #20 sieve. To
determine isotopic composition and elemental content, approximately 5-7 mg of dry leaf sample
or 12-15 mg of dry and sieved sediment sample were weighed into tin vials and measured with
an Isoprime 100 Isotope Ratio Mass Spectrometer interfaced with a Micro Vario Elemental
Analyzer (Elementar Americas, Mt. Laurel, NJ). The sample weights were recorded to the
nearest microgram. The majority of the samples were run in duplicate to check for instrument
precision. Laboratory standards were periodically used throughout each run (approximately
every 24 samples) to identify potential instrument drift and to correct for measurement offset
error. Elemental content (%N or %C) was calculated by comparing the peak area of each
unknown sample to a standard curve of peak area vs. known %N content. Molar C:N was

determined by dividing the measured element content by molar mass.

2.4.3. Below-ground leaf decomposition
In July 2012, locally-sourced recently fallen leaves were collected and processed using

the same methods as described for above-ground litter bags. Three leaves were sealed in a 5 cm

15
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x 10 cm fiberglass mesh bag with 1 mm? pores. For each quadrat, an approximate 20 cm cut was
made into the forest floor at three locations. One litter bag was buried within each slice with the
long end vertical. The top of the bag was approximately 5 cm from the surface, with leaf
material buried between 5-15 cm. At each quadrat, one litter bag was collected at six months,
one year, and 22 months after burial. Extraction of the litter bags often involved cutting
mangrove root ingrowth; any mangrove roots inside the bag were separated from the
decomposed leaf material as carefully as possible. The extracted litter was cleaned and dried as
described for the 2013 above-ground litter bags, and initial to final weights were calculated as
described above.
2.4.4. Green leaf C:N

Green leaves were directly harvested from mangrove trees in ambient and
+moderate N:P quadrats. Three to 5 individual trees were sampled (3 leaves per tree) and kept
cool under transport. The leaves were rinsed with distilled water and placed in a drying oven at
45°C until a constant weight was reached. The samples were combined per tree and ground
using a Wiley-grinding mill with a #20 sieve. Triplicate subsamples were analyzed for C:N ratios
using a Flash EA-112 CHNSO analyzer (U.S. EPA Atlantic Coastal Environmental Sciences
Division, Narragansett, RI). The trees were averaged within a quadrat to report a molar C:N

value.

2.5. Data analyses

All statistical analyses were performed with a mixed effects model (SAS version 9.3,
SAS Institute, Cary, North Carolina, USA). The same model was applied for both randomized
complete (full sampling) or incomplete (restricted sampling) block designs. Differences in bulk

density, percent organic matter and C:N ratios among treatments were evaluated using a two-way
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analysis of variance (ANOVA) with treatment as a fixed effect and block as a random effect. A
3-way ANOVA with treatment as a fixed effect and both time and block as random effects was
performed for substrate CO2 flux values and the percent of remaining mass for above- and
below-ground litterbags. The values for decomposition (percent mass remaining) rates and
sediment percent organic matter were arcsine transformed to meet normality and homogeneous
variance assumptions. Results are reported to a significance level of 0.05. If a significant
treatment effect was found, a post-hoc Tukey’s HSD pair-wise comparison test for variance was

performed with alpha set at 0.05.
3. Results

3.1 Sediment properties

The mangrove forest floor is heterogeneous, as demonstrated by the range of bulk
density, organic matter content, and percent C and N within and among blocks of the mangrove
forest (Table 1). Sediment bulk density (F2.4 = 0.25, p = 0.79), organic matter (F>4=0.31, p =
0.75) and C:N (Fi2 = 2.49, p = 0.26) did not differ significantly among treatment levels. Total C
accounted for 25 to 49% of sediment organic matter content. Across all quadrats, sediment bulk

density and OM content were negatively correlated (F1.7 = 11.64; p = 0.01; Figure 2).

3.2 CO; flux

CO; flux rates from the forest floor in March 2013 (following 72 weeks of nutrient
enrichment) ranged from 1.15 to 1.81 umol CO, m? s’! (or, 3.0 to 4.8 g CO> m? year™) (Figure
3). While there was a significant blocking effect, CO> flux rates did not differ among treatments
(F217 = 1.11, p = 0.35). Forest floor CO: flux rates after a 30-week recovery period without
nutrient enrichment (May, 2014) ranged from 0.58 to 1.55 pmol CO, m s! (or, 1.5 to 4.1 g CO»

m?2 year!) and were significantly lower than rates measured during the nutrient enrichment
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period (March, 2013) (F24 = 11.96, p = 0.001). There was also no difference among treatments

for the follow-up CO2 measurement.

3.3 Litter decomposition

Incubation time was a significant factor in above-ground leaf litter mass loss (F328=42.09,
p < 0.0001; Figure 4) and litter C:N (F328 = 42.17; p < 0.0001; Figure 5). Differences among
blocks was also significant (F228 = 4.37, p = 0.02). In the first month of incubation, 0 to 30% of
above-ground leaf litter mass was lost under ambient and +high N:P nutrient treatments, and 15
to 40% of litter mass was lost under +moderate N:P nutrient treatment. The percent of above-
ground litter mass remaining ranged from 36 to 56% by 90 days. Nutrient treatments had no
significant effect on litter decomposition values (F225=0.66, p = 0.52) nor corresponding time to
50% mass decay (F24=0.69; p = 0.55). The calculated time for above-ground litter decay ranged
from 61 to 110 days, with an average of 79 days (Table 2). The average decay constant (k) was
0.009 d! (range 0.006 to 0.011 d'!).

More than 80% of initial leaf material had decomposed within the first six months of
below-ground incubation (Figure 6). There was little decomposition of the remaining buried leaf
material between six months and one year. At the final below-ground litter bag collection (22
months after burial), the remaining leaf material had disintegrated into small pieces (< 0.25 cm?)
and was completely integrated with the fine root matrix. Thus we determined all leaf material to
be completely decomposed after 22 months of shallow burial for all quadrats. There was no
significant effect of nutrient treatment on below-ground decomposition (F2,12 = 0.66, p = 0.52);
however there was a significant block effect (F2,12=4.37, p = 0.02).

3.4 Green leaf C:N
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Molar C:N content of green leaves collected at the end of the two-year experiment was
lower under +moderate N:P fertilization compared with ambient treatment (Fi> = 114.9, p =

0.009; figure 7). There was a significant different among the blocks (Fz2 = 185.54; p = 0.005).

4. Discussion

The purpose of this experiment was to determine if organic C mineralization rates
associated with a mangrove forest floor, and as described through substrate CO; flux and litter
decomposition assessment, would be modified under anthropogenic nutrient enrichment. Within
a single mangrove stand there was considerable variation in terms of edaphic structure (sediment
bulk density, OM content) and environmental conditions (tidal inundation duration and
frequency) along the coastal fringe that resulted in a significant difference in response variables
among blocks (see supplemental information). Yet considering these differences of the
experimental blocks, treatments, and time periods, rates of substrate CO flux and above-ground
OM decomposition were remarkably consistent.

An additional goal of this study was to conduct an intermittent pulse application of
aqueous fertilizer over a two-year period and compare the results of this method with past
fertilization studies. Much of the global knowledge of the role of nutrients for mangrove C
dynamics are based on studies employing buried slow-release fertilizer, often in stressed
environments due to nutrient limitation and/or salinity stress (Feller et al. 1999, 2007, Lovelock
et al. 2015, Keuskamp et al. 2015). This study attempts to compare the results of those works
with similar measurements from a relatively non-stressed fringe mangrove undergoing nutrient
addition that mimics enriched sheet flow or tidal inundation. While care was taken to minimize
loss of the added fertilizer, some loss was inevitable given nutrient exchange under diel tidal

cycles. Most of the recovered labeled fertilizer (at least 16.6 to 23.4% at 10 months following
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5N tracer addition) was found in fine mangrove roots, indicating that the below-ground roots
“outcompeted” surface- and below-ground microbes for the added N. Nutrient uptake by fine
roots is a typical response to low nutrient availability (Castafieda-Moya et al. 2011, Cormier et
al. 2015); however McKee et al. (2007) measured greater rates fine root production in fringe
mangrove sites fertilized with P but not N. This study did not examine root production rates, but
based on dominate N uptake within fine roots, further study of the effects of N fertilization on
root production at this site would be warranted.

Given the results from the SN tracer data, an appropriate concern is whether the benthic
microbial heterotrophs encountered the additional N given tidal inundation at the fringe site.
Work by Corredor and Morrell (1994) and Whigham et al. (2009) show immediate enhanced
denitrification rates in mangrove sediments in response to nitrate enrichment. Corredor and
Morrell (1994) measured denitrification rates in a mangrove forest along a nutrient gradient
extending from a sewage treatment plant. Sediment denitrification rates decreased at greater
distance from the sewage source, although potential denitrification rates (with available
substrate) were maintained. Whigham et al. (2009) found higher rates of denitrification for
several days after monthly doses of aqueous nitrate in a Florida stunted Avicennia germinans
forest. Based on the rapid positive response by the denitrifier community under both scenarios,
it may be possible the added nutrients were effectively removed, thereby preventing a long-term
pool of available N.

We were limited in our ability to conduct a complete sample analysis for all quadrats. A
more comprehensive understanding of the drivers of C cycling under the aqueous enrichment
scenario requires enhanced component sampling and modeling of the added nutrients to

determine how much aqueous fertilizer was retained.
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4.1 Substrate CO:? flux

In situ measurements of CO; flux from the forest floor encompass microbial activity,
benthic algal metabolism, tree root respiration, and possibly other burrowing animal respiration.
For the purpose of this study we must assume all factors besides microbial activity remain
consistent between time periods and within blocks. Average CO; flux from the mangrove forest
floor in this study (1.24 umol CO> m? s'') was within the range of a global survey of dwarf and
fringe mangroves (0.25 to 2.97 umol CO2 m s°!; Lovelock 2008) .

Minimal microbial response to nutrient enrichment is confirmed by previous work in
mangrove systems. Lovelock (2008) notes that anthropogenic land use was not the primary
driver of sediment respiration rates in a global survey of dwarf and fringe mangrove sites.
Kristensen et al. (2011) likewise found no effect of nutrient enrichment on OM mineralization
(except see below). One possible explanation of a lack of response to nutrient enrichment is the
“nitrogen mining theory” (Craine et al., 2007), which postulates that N-limited microbial
communities break down refractory OM to acquire nitrogenous compounds; when the N
limitation is lifted, the microbes have less energetic incentive to continue the decomposition
process. Thus N fertilization may actually inhibit microbial decay of highly refractory organic
substrate, which constitutes the bulk of mangrove peat (Middleton and McKee, 2001). In
support of this concept for mangrove systems, Keuskamp et al. (2012) found that N enrichment
alone had no effect on the rate of sediment OM mineralization in mangrove sites, but microbial
activity spiked upon the co-introduction of labile C (glucose) and N enrichment. They
concluded that substrate OM mineralization was energy limited due to the refractory OM matrix,
which could be further inhibited by high tannin content (Robertson, 1988). Kristensen et al.

(2011) found no effect of nutrient enrichment from a sewage site on mangrove microbial
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processes, but a greater input of labile organic C from an algae bloom “of anthropogenic origin”
enhanced CO: flux in the intertidal zone. Thus, nutrient enrichment may affect sediment
mineralization rates via a cascade effect, where nutrient enrichment enhances algae production,
which delivers labile organic C to the mangrove sediments, which stimulates heterotrophic
decomposition.

Based on these works, a broader examination of the nutrient mining theory for benthic
mangrove response to nutrient enrichment is needed, especially with the consideration that labile
organic substrate may be linked with nutrient enrichment via primary-treatment sewage and
septic systems, agriculture practices that utilize urea or animal wastes, or enhanced organic

material production in eutrophic coastal waters.

4.2 Leaf Litter Decomposition

The rate of litter decomposition depends on the quality and availability of the substrate as
well as several other factors including macroinvertebrate (shredder) activity, physical shearing
forces (e.g., tidal submersion), temperature, oxidation state of the local environment, and
resource limitations of the decomposer community such as nutrient availability (Benner and
Hodson, 1985; Mackey and Smail, 1996; Twilley et al., 1997). Li et al. (2018) demonstrated that
mangrove production and remineralization rates of organic material depended on site location.
Thus a comparison of litter decomposition rates among systems is somewhat difficult without all
biological and environmental factors taken into consideration. Above-ground litter
decomposition rates from this study fit within previously reported above-ground litter
decomposition values from other fringe mangrove systems, whether natural (Twilley et al., 1986;
1997; Aké-Castillo et al., 2006) or provided with additional nutrients (Tam et al. 1998). These

studies suggest that nutrient enrichment does not necessarily play a dominant role in mangrove
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above-ground litter decomposition, and the factors described above are important covariates to
be considered for an accurate prediction of decomposition rates. For example, Keuskamp et al.
(2015) reported that physical setting (Florida vs. Belize) was a better predictor of litter
decomposition rates than nutritional status, presumably due to other environmental factors.

The process of OM decomposition can be described in two phases: (1) an initial leaching
stage, where soluble compounds and labile material are easily dissolved within the aqueous
medium; (2) a microbial colonization and slow decomposition stage, where refractory
compounds such as lignins are chemically broken down by the microbial community (Chale,
1993; Davis et al., 2003). The curves of above-ground litter mass loss were generally linear
throughout this study, suggesting that the decomposition stage had not fully matured to the slow
process of refractory material decomposition. The time to reach 50% decay ranged from 61 to
110 days, which is comparable to litter decomposition in a similar fringe mangrove studied by
Akeé-Castillo et al. (2006; Table 3). This tso range was faster than that reported by Twilley et al.
(1986) in basin mangroves, which are less regularly flushed than fringe mangroves (Lugo and
Snedaker 1974). The range of tso was much higher in Tam et al. (1998) compared with this
study, but those decomposition rates under wastewater application were not significantly
different than control sites (Tam et al. 1998). Tam et al. (1998) report rainfall levels an order of
magnitude greater than received at Jobos Bay, which suggests that the freshwater input has a
positive influence on above-ground litter decomposition.

Below-ground leaf litter became fully decomposed and integrated within the mangrove
root complex within two years of burial. Middleton and McKee (2001) reported 27 + 5% mass
remaining of buried leaves after 230 days of incubation, which was similar to the values at one

year of incubation in this study. As we used fiberglass mesh litterbags, this rate precluded the

23



535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

effect of macroinvertebrate shredding, which would have enhanced the decomposition rate. The
relatively fast break-down of buried mangrove leaves is an indication that mangrove leaf litter is
not a primary component of mangrove peat material; rather roots contribute the majority of the
structural mangrove peat (Middleton and McKee, 2001). Castafeda-Moya et al. (2011)
described a relationship between fine root biomass and turnover rates in relation to soil nutrients,
but hydroperiod was also a main co-factor. Therefore more examination of root turnover under
nutrient loading scenarios that control for other environmental variables would be a valuable
contribution to the body of work on mangrove carbon dynamics.

Under both ambient and fertilized treatments, mangrove litter C:N decreased as above-
ground decomposition progressed. Additionally, C:N was significantly lower for fertilized litter
bags, which suggests that while the amount of >N labeled fertilizer retention was not very high,
there may have still been a functional effect. The main driver of this nutritional change is N
immobilization by microbial colonization of the OM substrate. Microbial colonization and
break-down of organic substrate is linked to exo-enzyme secretion (Keuskamp et al., 2015b) and
nitrogen fixation (Holguin et al., 2001), which enrich the OM-microbial complex with
nitrogenous compounds. Plant tannins may bind available N (Kraus et al., 2003), further

immobilizing the N in the OM matrix.

S. Conclusions

The relationship between production and loss of organic material is a significant factor in
maintaining the mangrove substrate (Bouillon et al. 2003, McKee et al. 2007, Bouillon et al.
2008, Kristensen et al. 2008) and may be altered by nutrient enrichment (Feller et al. 1999).
Under a two-year delivery of N and P to a fringe mangrove floor in aqueous pulses we found no

response by the benthic decomposer activity as measured by CO> flux and above- and below-
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ground decomposition, suggesting that the microbial community is not strongly limited by
available N and/or P at this coastal fringe site. Below-ground roots may be holding the majority
of retained fertilizer and “out-competing” the microbial decomposer community, which may
enhance production over decomposition rates at this site. A longer-term study is needed to
compare experimental aqueous nutrient delivery with the foundational knowledge for mangrove
carbon dynamics based on buried fertilizer studies. While it appears that water-based nutrient
pollution does not affect organic C decomposition at this fringe mangrove site in the short-term,
more work is needed to understand the role of labile organic C in conjunction with nutrient
enrichment for benthic respiration activity in a variety of mangrove environmental settings.

Acknowledgements

The authors with to thank Ishamari Colon, Sandra Schleier, Laura Almodovar, Juan
Alvarez Rosario, Johanna Nifosi, and Laura Caicedo-Quiroga for assisting the project
management. Angel Dieppa Ayala and Carmen Gonzlez Sifonte provided field access and
support during our visits at the Jobos Bay National Estuarine Research Reserve. Vuarnelle
Urena and Ryan Quinn assisted field and laboratory analysis. Kiersten L. Curti advised
statistical analyses. Ariel E. Lugo, Ernesto Medina, and Arthur J. Gold advised the project. We
thank Ken W. Krauss and two anonymous reviewers for their manuscript comments. This work
was supported by grants from the U.S. Forest Service (Agreement #10-CA-11120101-026), the
National Estuarine Research Reserve Graduate Research Fellowship program (Award
#NA11NOS4200090); The Nature Conservancy-Coastal Institute Fellowship Program (Grant
#TNC_URI_SAP2010); Rhode Island and Puerto Rico Sea Grant Programs; and the University
of Rhode Island’s Coastal Institute Graduate Fellowship. The views expressed in this article are
those of the authors and do not necessarily represent the views or policies of the United States
Environmental Protection Agency.

25



583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

References

Aké-Castillo, J. A., Vazquez, C. Lépez-Portillo, J., 2006. Litterfall and decomposition of
Rhizophora mangle L. in a coastal lagoon in the southern Gulf of Mexico. Hydrobiologia
559:101-111.

Alongi, D. M., 2009. The Energetics of Mangrove Forests. Springer, New York. 216 pp.

Ball, M.C., 1988. Ecophysiology of mangroves. Trees 2: 129-142.

Benner, R. and Hodson R.E., 1985. Microbial degradation of the leachable and
lignocellulosic components of leaves and wood from Rhizophora mangle in a tropical mangrove
swamp. Marine Ecology Progress Series 23: 221-230.

Boto, K. G. and Wellington, J. T., 1983. Phosphorus and nitrogen nutritional status of a
northern Australian mangrove forest. Marine Ecology Progress Series 11: 63—69.

Bouillon, S., Connolly, R.M., Lee, S.Y., 2008. Organic matter exchange and cycling in
mangrove ecosystems: Recent insights from stable isotope studies. Journal of Sea Research 59:
44-58.

Bowen, J. L. and Valiela, 1., 2008. Using 8'°N to assess coupling between watersheds and

estuaries in temperate and tropical regions. Journal of Coastal Research 24: 804-813.

Capella, J., 2008. Environmental setting. In Field, R.M. (Ed.) revised by Dieppa, A. (Ed.)
Jobos Bay Estuarine Profile: A National Estuarine Research Reserve. Jobos Bay National
Estuarine Research Reserve, Puerto Rico Department of Natural Resources, San Juan, PR.
https://coast.noaa.gov/data/docs/nerrs/Reserves_JOB_SiteProfile.pdf

Castafieda-Moya, E., Twilley, R. R., Rivera-Monroy, V. H., Marx, B. D., Coronado-
Molina, C., Ewe, S. M., 2011. Patterns of root dynamics in mangrove forests along

environmental gradients in the Florida Coastal Everglades, USA. Ecosystems, 14: 1178-1195.

26



606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

Cebrian J., Williams, M., McClelland, J., Valiela, 1., 1998. Ecology Letters 1: 165-170.

Chale, F. M. M., 1993. Degradation of mangrove leaf litter under aerobic conditions.
Hydrobiologia 257: 177-183.

Cormier, N., Twilley, R. R., Ewel, K. C., Krauss, K. W., 2015. Fine root productivity
varies along nitrogen and phosphorus gradients in high-rainfall mangrove forests of Micronesia.
Hydrobiologia, 750: 69-87.

Corredor, J. E. and Morell, J. M., 1994. Nitrate depuration of secondary sewage effluents
in mangrove sediments. Estuaries 17: 295-300.

Corredor, J. E., Howarth, R. W., Twilley, R. R., Morell, J. M., 1999. Nitrogen cycling
and anthropogenic impact in the tropical interamerican seas. Biogeochemistry 46: 163—178.

Corstanje, R., Reddy, K.R., Portier, K.M., 2006. Typha latifolia and Cladium jamaicense
litter decay in response to exogenous nutrient enrichment. Aquatic Botany 84: 70-78.

Craine, J. M., Morrow, C., Fierer, N., 2007. Microbial nitrogen limitation increases
decomposition. Ecology 88: 2105-2113.

Davis, S. E., Corronado-Molina, C., Childers, D. L., Day, J. W., 2003. Temporally
dependent C, N, and P dynamics associated with the decay of Rhizophora mangle L. leaf litter in
oligotrophic mangrove wetlands of the Southern Everglades. Aquatic Botany 75: 199-215.

Das, S., Vincent, J. R., 2009. Mangroves protected villages and reduced death toll during
Indian super cyclone. Proceedings of the National Academy of Sciences of the United States of
America. 106: 7357-7360.

Debusk, W. F. and Reddy, K. R., 2005. Litter decomposition and nutrient dynamics in a

phosphorus enriched everglades marsh. Biogeochemistry 75: 217-240.

27



628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

Deegan, L. A., Johnson, D. S., Warren, R. S., Peterson, B. J., Fleeger, J. W., Fagherazzi,
S., Wollheim, W. M., 2012. Coastal eutrophication as a driver of salt marsh loss. Nature 490:
388-392.

Donato, D. C., Kauffman, J. B., Murdiyarso, D., Kurnianto, S., Stidham, M., Kanninen,
M., 2011. Mangroves among the most carbon-rich forests in the tropics. Nature Geoscience 4:
293-297.

Downing, J. A., McClain, M., Twilley, R., Melack, J. M., Elser, J., Rabalais, N. N.,
Lewis, W.M., Turner, R. E., Corredor, J., Soto, D., Yanez-Arancibia, A., Kopaska, J. A.,
Howarth, R. W., 1999. The impact of accelerating land-use change on the N-cycle of tropical
aquatic ecosystems: Current conditions and projected changes. Biogeochemistry 46: 109—-148.

Ewel, J. J., Whitmore, J. L., 1973. The Ecological Life Zones of Puerto Rico and the U.
S. Virgin Islands. Forest Service Research Paper ITF-18.

Faithful, J. W., Brodie, J., Hooper, A., Leahy, P., Henry, G., Finlayson, W., Green, D,
2007. Plot-scale runoff of nutrients and sediment under varying management regimes on a
banana and cane farm in the wet tropics, Queensland. Australian Centre for Tropical Freshwater
Research, Report No. 07/10.

Feller, 1. C., 1995. Effects of nutrient enrichment on growth and herbivory of dwarf red
mangrove (Rhizophora mangle). Ecological Monographs 65: 477-505.

Feller, I. C., Whigham, D. F., O’Neill, J. P., McKee, K.L., 1999. Effects of Nutrient
Enrichment on within-Stand Cycling in a Mangrove Forest. Ecology 80: 2193-2205.

Feller, I. C., Lovelock, C. W., McKee, K.L., 2007. Nutrient addition differentially affects
ecological processes of Avicennia germinans in nitrogen versus phosphorus limited mangrove

ecosystems. Ecosystems, 10: 347-359.

28



651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

Feller I. C., Lovelock C. E., Piou, C., 2009. Growth and Nutrient Conservation in
Rhizophora mangle in response to fertilization along latitudinal and tidal gradients. Smithsonian
Contribution to the Marine Sciences. 38: 345-358.

Field, R. M., Introduction and Summary. In Field, R.M. (ed.) revised by Dieppa, A. (Ed.)
Jobos Bay Estuarine Profile: A National Estuarine Research Reserve. Jobos Bay National
Estuarine Research Reserve, Puerto Rico Department of Natural Resources, San Juan, PR.
https://coast.noaa.gov/data/docs/nerrs/Reserves_JOB_SiteProfile.pdf

Hopkinson, C. S. and Day, J.W., 1980. Modeling the relationship between development
and storm water and nutrient runoff. Environmental Management 4: 315-324.

Holguin, G., Vazquez, P., Bashan, Y., 2001. The role of sediment microorganisms in the
productivity, conservation, and rehabilitation of mangrove ecosystems: an overview. Biology
and Fertility of Soils 33: 265-278.

Howarth, R. W. 2008. Coastal nitrogen pollution: A review of sources and trends
globally and regionally. Harmful Algae 8: 14-20.

Howarth, R. W. and Marino, R., 2006. Nitrogen as the limiting nutrient for eutrophication
in coastal marine ecosystems: Evolving views over three decades. Limnology and Oceanography
51: 364-376.

Jessen, B. J., 2016. Ecological effects of nutrient enrichment on a coastal fringe
mangrove forest. Ph.D. thesis, University of Rhode Island, unpublished.

Karberg, N. J., Scott, N. A., Giardina, C. P., 2008. Methods for estimating litter
decomposition. In: Hoover, C. M. (Ed.) Field Measurements for Forest Carbon Monitoring.

Springer, New York, pp. 103-111.

29



673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

Keuskamp, J. A., Schmitt, H., Laanbroek, H. J., Verhoeven, J. T. A., Hefting, M. M.,
2012. Nutrient amendment does not increase mineralisation of sequestered carbon during
incubation of a nitrogen limited mangrove soil. Soil Biology and Biochemistry 57: 822-829.

Keuskamp, J. A., Hefting, M. M., Dingemans, B. J. J., Verhoeven, J. T. A., Feller, 1.C.,
2015(a). Effects of nutrient enrichment on mangrove leaf litter decomposition. Science of the
Total Environment 508: 402—410.

Keuskamp, J. A., Feller, I. C., Laanbroek, H. J., Verhoeven, J. T. A., Hefting, M. M.,
2015(b). Short- and long-term effects of nutrient enrichment on microbial exoenzyme activity in
mangrove peat. Soil Biology and Biochemistry 81: 38—47.

Killingbeck, K. T., 1996. Nutrients in senesced leaves: Keys to the search for potential
resorption and resorption proficiency. Ecology 77: 1716-1727.

Knorr, M., Frey, S. D., Curtis, P. S., 2005. Nitrogen additions and litter decomposition:
A meta-analysis. Ecology 86: 3252-3257.

Kraus, T. E., Dahlgren, R. A., Zasoski, R. J. (2003). Tannins in nutrient dynamics of
forest ecosystems-a review. Plant and Soil, 256: 41-66..

Kristensen, E., Bouillon, S., Dittmar, T., Marchand, C., 2008. Organic carbon dynamics
in mangrove ecosystems: A review. Aquatic Botany 89: 201-219.

Kristensen, E., Flindt, M.R., Ulomi, S., Borges, A.V., Abril, G., Bouillon, S., 2008.
Emission of CO2 and CH4 to the atmosphere by sediments and open waters in two Tanzanian
mangrove forests. Marine Ecology Progress Series, 370: 53-67.

Kristensen, E., Mangion, P., Tang, M., Flindt, M.R., Holmer, M., Ulomi, S., 2011.
Microbial carbon oxidation rates and pathways in sediments of two Tanzanian mangrove forests.

Biogeochemistry, 103: 143-158.

30



696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

Kuzyakov, Y., 2002. Separating microbial respiration of exudates from root respiration in
non-sterile soils: a comparison of four methods. Soil Biology and Biochemistry, 34: 1621-1631.

Li S., Chen P., Huang J., Hsueh M., Hsieh L., Lee C, Lin H., 2018. Factors regulating
carbon sinks in mangrove systems. Global change Biology 24:4195 — 4210.

Lovelock, C.E., Ruess, R.W., Feller, I.C., 2006. Fine root respiration in the mangrove
Rhizophora mangle over variation in forest stature and nutrient availability. Tree physiology, 26:
1601-1606.

Lovelock, C.E., 2008. Soil respiration and belowground carbon allocation in mangrove
forests. Ecosystems, 11: 342-354.

Lugo, A. E., Snedaker, S. C., (1974). The ecology of mangroves. Annual review of
ecology and systematics, 5(1), 39-64.

Mackey, A. P., Smail, G., 1996. The decomposition of mangrove litter in a subtropical
mangrove forest. Hydrobiologia 332: 93-98.

McKee, K. L., Cahoon, D. R., Feller, I. C., 2007. Caribbean mangroves adjust to rising
sea level through biotic controls on change in soil elevation. Global Ecology and Biogeography
16: 545-556.

Méziane, T., d’Agata, F., Lee, S. Y., 2006. Fate of mangrove organic matter along a
subtropical estuary: small-scale exportation and contribution to the food of crab communities.
Marine Ecology Progress Series 312: 15-27

Middleton, B. A., McKee, K. L., 2001. Degradation of mangrove tissues and implications
for peat formation in Belizean island forests. Journal of Ecology. 89: 818-828.

Mumby, P. J., Edwards, A. J., Arias-Gonzalez, J. E., Lindeman, K. C., Blackwell, P. G.,

Gall, A., Gorczynska, M. 1., Harborne, A. R., Pescod, C. L., Renken, H., Wabnitz, C. C.,

31



719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

Llewellyn, G., 2004. Mangroves enhance the biomass of coral reef fish communities in the
Caribbean. Nature 427: 533-536.

Nixon, S. W., Buckley, B. A., Granger, S. L., Entsua-Mensah, M., Ansa-Asare, O.,
White, M.J., McKinney, R. A., Mensah, E., 2007. Anthropogenic enrichment and nutrients in
some tropical lagoons of Ghana, West Africa. Ecological Applications 17: S144-S164.

NERRS, 2015. NOAA National Estuarine Research Reserve System (NERRS). System-
wide Monitoring Program. NOAA NERRS Centralized Data Management Office:
http://www .nerrsdata.org

Odum, W. E., Heald, E. J., 1975. Mangrove forests and aquatic productivity. In Hasler,
A.D. (Ed.) Coupling of Land and Water Systems. Springer, New York: 129-136.

Poret, N., Twilley, R.R., Rivera-Monroy, V.H., Coronado-Molina, C., 2007.
Belowground decomposition of mangrove roots in Florida coastal Everglades. Estuaries and
Coasts, 30: 491-496

Qiu, S., McComb, A. J., Bell, R. W., Davis, J. A., 2005. Response of soil microbial
activity to temperature, moisture, and litter leaching on a wetland transect during seasonal
refilling. Wetlands Ecology and Management 13: 43-54.

Reef, R., Feller, I. C., Lovelock, C. E., 2010. Nutrition of mangroves. Tree Physiology
30: 1148-1160.

Robertson, A. 1., 1988. Decomposition of mangrove leaf litter in tropical Australia.
Journal of Experimental Marine Biology and Ecology 116: 235-247.

Robinson, C.T., Gessner, M.O., 2000. Nutrient addition accelerates leaf breakdown in an

alpine springbrook. Oecologia, 122: 258-263.

32



741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

Schlesinger, W. H., DeLucia, E. H., Billings, W. D., 1989. Nutrient-use efficiency of
woody plants on contrasting soils in the Western Great Basin, Nevada. Ecology 70: 105-113.

Simpson, L. T., Lovelock, C. E., Cherry, J. A., Feller, 1. C., 2020. Short-lived effects of
nutrient enrichment on Avicennia germinans decomposition in a saltmarsh-mangrove ecotone.
Estuarine, Coastal and Shelf Science: 106598.

Tappin, A. D., 2002. An examination of the fluxes of nitrogen and phosphorus in
temperate and tropical estuaries: current estimates and uncertainties. Estuarine, Coastal and Shelf
Science 55(6): 885-901.

Tam N. F. Y., Wong, Y. S., Lan, C. Y., Wang, L. N., 1998. Litter production and
decomposition in a subtropical mangrove swamp receiving wastewater. Journal of Experimental
Marine Biology and Ecology 226: 1-18.

Twilley, R. R., Rivera-Monroy, V. H., 2005. Developing performance measures of
mangrove wetlands using simulation models of hydrology, nutrient biogeochemistry, and
community dynamics. Journal of Coastal Research 40: 79-93.

Twilley, R. R., A. E. Lugo, and C. Patterson-Zucca, 1986. Litter production and turnover
in basin mangrove forests in Southwest Florida. Ecology 67: 670-683.

Twilley, R. R., Pozo, M., Garcia, V. H., Rivera-Monroy, V. H., Zambrano, R., Bodero,
A., 1997. Litter Dynamics in Riverine Mangrove Forests in the Guayas River Estuary, Ecuador.
Oecologia 111: 109-122.

Vitousek, P. M.,1984. Litterfall, nutrient cycling, and nutrient limitation in tropical

forests. Ecology, 65: 285-298.

33



762

763

764

765

766

767

768

769

770

771

Whigham, D. F., Verhoeven, J. T. A., Samarkin, V., Megonigal, P. J., 2009. Responses of
Avicennia germinans (black mangrove) and the soil microbial community to nitrogen addition in
a hypersaline wetland. Estuaries and Coasts 32:926-936.

Wigand, C., Brennan, P., Stolt, M., Holt, M., Ryba, S., 2009. Soil respiration rates in
coastal marshes subject to increasing watershed nitrogen loads in southern New England, USA.
Wetlands 29: 952-963.

Zitello, A. G., Whitall, D. R., Dieppa, A., Christensen, J. D., Monaco, M. E., Rohmann,
S. O., 2008. Characterizing Jobos Bay, Puerto Rico: A watershed modeling analysis and

monitoring plan. NOAA Technical Memorandum NOS NCCOS 76. 81 pp.

34



772

R
e
e

Puerto Rico

SNPSES

773

774  Fig. 1. Satellite image of Jobos Bay, located in southeastern Puerto Rico. The
775  boundaries of the Jobos Bay National Estuarine Research Reserve are outlined in red. A
776  white arrow indicates the location of the nutrient enrichment experiment at offshore keys,
777  approximately 3 km from the mainland (image credits: NOAA-NERR 2015, Zitello et al.
778  2008).
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780
781  Table 1. Edaphic characterization of experimental quadrats grouped within three blocks of a fringe mangrove forest.

Block 1 Block 2 Block 3
+Moderate +Moderate +High +High
Control N:P +High N:P Control N:P N:P Control  +Moderate N:P N:P
Bulk density 0.53 0.17 0.23 0.23 0.28
(gem®) (n=2)  (0.05) 0.48 (0.07) 0.38 (0.03) 0.03) 0.18 (0.02) 0.02) 0.02) 0.35 (0.05) 0.03)
Organic matter 12.9 47.6 36.3 18.2 24.0
%) (n=2) (1.4) 154 (2.5) 26.8 (14.4) (14.9) 454 (5.1) 0.6) @7 224 (7.2) .0
Total C
. 3.34 19.46 8.97
E;‘l/ozb%/)welght) (0.60) 5.46 (0.79) ND (0.88) 20.66 (1.85) ND (1.58) 10.90 (0.42) ND
Total N
. 0.13 0.74 0.34
E;’lﬁyzb%/)welght) (0.03) 0.19 (0.03) ND 0.03) 0.77 (0.08) ND (0.05) 0.34 (0.02) ND
Molar C:N 32.0 30.6 30.9
(n=3) (1.8) 33.4(1.0) ND 0.4) 314 (1.2) ND a7 37.6 3.5) ND

782
783  Values are mean + 1 S.E. “ND” indicates that the data are not available. There was no effect of nutrient treatment on sediment bulk
784  density (F2.4 = 0.25; p=0.79) or percent organic matter (F2,12 = 1.07; p = 0.38); however there was a block effect for both variables

785  (see supplemental).
786
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Fig. 2. Sediment bulk density (dry mass by volume) and percent organic content (ash-
free dry weight content) of the surface organic layer of the mangrove forest sediment (0
to 5 cm) Data were averaged from collections in July 2011 and October 2013. Circles
represent block 1, crossed lines represent block 2, squares represent block 3. A linear
regression was applied for all nine quadrats (F17 = 11.64; p=0.01)
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Fig. 3. Substrate CO> flux from the unflooded forest floor at two time periods: (A)
March 2013, 72 weeks of nutrient enrichment; (B) May 2014, 30 weeks after nutrient

enrichment ended. There was a significant difference between the sampling dates (F2,17=
11.96, p = 0.0006). Values are means + 1 S.E.
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Fig. 4. Percent mass remaining for above-ground mangrove leaf litter decomposition.
Above-ground leaf litter decomposition under three nutrient conditions (described in
Methods) during July — October 2013. Leaf litter was incubated in mesh bags on the
forest floor and subjected to tidal flow. Linear regressions were used to determine the
number of days for 50% decay (#s0; see supplemental information). Error bars indicate
+1S.E.
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812

813  Table 2. 50% decay rate (ts0) as determined from a linear regression of litter decay (see
814  supplemental) and decay constant (k) calculated from the exponential decay curve X = X,e™*
815  with time (7) set at the day that litter decay reached 50% of initial weight during the incubation
816  period. There was no effect of nutrient treatment on s values (F24=0.69, p = 0.553).

Treatment Block ts0 k

Control 1 92 0.0075

2 88 0.0079

3 71 0.0098

Agriculture 1 82 0.0084

2 76 0.0091

3 61 0.0114

Urban 1 110 0.0063

2 66 0.0105

3 65 0.0107
817
818
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821

822 Fig. 5. Molar C:N ratio of above-ground decaying leaf litter under the +Moderate N:P
823  fertilization treatment (grey bars) and ambient conditions (white bars). Samples were collected
824  from litter bags that had incubated on the forest floor from July to October 2013. Incubation
825  time had a significant effect (F3 16 = 18.82, p < .0001) on litter C:N under both nutrient regimes.
826  Litter C:N values were significantly different between ambient and enriched plots (Fi,16 = 5.69, p
827 =0.03).
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Fig. 6. Percent mass remaining for below-ground mangrove leaf litter decomposition. The litter
was buried at 5 to 15 cm depth in July 2012. Values are means across blocks (n = 3). Error bars
indicate +/- 1 S.E. Litter material recovered at 22 months past the burial date was integrated
with fine root material and was considered fully degraded.
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Fig 7. Molar C:N values in green leaves collected directly from trees located in ambient (white
bars) or +moderate N:P enriched (grey bars) at the end of the two-year experiment (October,
2013). Leaves collected from 3-5 trees per quadrat were pooled. Error bars indicate + 1 S.E.

Leaf C:N was significantly different across treatments (Fi2 = 114.9, p = 0.009) and blocks (F2» =
185.54; p = 0.005)
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Table 3. Reported values of above-ground litter decomposition studies (number of days to 50%
decay rate (#s0) and decay constant (k)) from mangrove systems across the world with

classification (Lugo and Snedaker 1974).

All studies used the litter bag method to measure

decomposition. Decay constants (k) that were not reported in the study were calculated using the
exponential decay curve X = X,e™ with time (¢) set at the day that litter decay reached 50% of
initial weight during the incubation period.

. M .
Study location angrove Nutrients added t50 k (day ™) Reference
type/species
Shenzhen, China Fringe: K. candel Wastewater 13 0.052 Tam et al. (1998)
Fringe: A. corniculatum  Wastewater 48 0.015
Mexico Fringe: R. mangle None 70 to 144 0.0048 to 0.0084 Aké-Castillo et al. (2006)
Riverine:
Ecuador Rhizophora spp. None 43 to 231 0.003 to 0.016 Twilley et al. (1997)
Florida Basin: R. mangle None 98 to 165 0.0042 to 0.0071 Twilley et al. (1986)
Florida Scrub: A. germinans Buried fertilizer 52t0 58 0.009 Simpson et al. (2020)
Puerto Rico Fringe: R. mangle Spray fertilizer 61to 110 0.006 to 0.011 This study
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