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Abstract: Mangrove restoration efforts have increased in order to help combat their decline globally.
While restoration efforts often focus on planting seedlings, underlying chronic issues, including
disrupted hydrological regimes, can hinder restoration success. While improving hydrology may
be more cost-effective and have higher success rates than planting seedlings alone, hydrological
restoration success in this form is poorly understood. Restoration assessments can employ a functional
equivalency approach, comparing restoration areas over time with natural, reference forests in order
to quantify the relative effectiveness of different restoration approaches. Here, we employ the use of
baseline community ecology metrics along with stable isotopes to track changes in the community
and trophic structure and enable time estimates for establishing mangrove functional equivalency. We
examined a mangrove system impacted by road construction and recently targeted for hydrological
restoration within the Rookery Bay National Estuarine Research Reserve, Florida, USA. Samples
were collected along a gradient of degradation, from a heavily degraded zone, with mostly dead
trees, to a transition zone, with a high number of saplings, to a full canopy zone, with mature
trees, and into a reference zone with dense, mature mangrove trees. The transition, full canopy,
and reference zones were dominated by annelids, gastropods, isopods, and fiddler crabs. Diversity
was lower in the dead zone; these taxa were enriched in 13C relative to those found in all the
other zones, indicating a shift in the dominant carbon source from mangrove detritus (reference
zone) to algae (dead zone). Community-wide isotope niche metrics also distinguished zones, likely
reflecting dominant primary food resources (baseline organic matter) present. Our results suggest
that stable isotope niche metrics provide a useful tool for tracking mangrove degradation gradients.
These baseline data provide critical information on the ecosystem functioning in mangrove habitats
following hydrological restoration.

Keywords: carbon; nitrogen; mangrove restoration; stable isotopes; degradation; niches; functional
equivalency

1. Introduction

Healthy mangrove ecosystems provide a variety of ecological and ecosystem services [1].
Mangroves play a key role in the storage of “blue carbon”, sequestration supporting the
long-term storage of carbon [2,3], and the mitigation of greenhouse gas emissions [4,5].
However, mangrove ecosystems are continuing to decline worldwide due to a variety of
factors [6-8], including land use changes and coastal development, which alter the natural
hydrology, leading to mangrove mortality and peat collapse [9]. These continued losses
have cascading consequences for the ecology and economy [10], with concomitant impacts
on biodiversity, energy flow, and food webs, including the fate of organic carbon [11].
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In order to combat this loss, restoration programs have implemented a variety of differ-
ent approaches, including the direct planting efforts of mangrove propagules over broad
scales [12] and restoring the natural hydrology [8,12]; the latter approach ideally improves
drainage such that the natural flow conditions return, facilitating the dispersal of propag-
ules and natural plant succession [8,9]. However, mangrove ecosystem recovery can take
decades following any type of disturbance or restoration action (e.g., 25+ years following
direct restoration, [3]), and the degradation of the habitat persists at least in the short-term
following hydrological alterations [5,9,13,14].

Chronically stressed mangroves exhibit distinct symptoms in their above- and below-
ground attributes [9]. After isolation from natural tidal flow and inundation, changes in
salinity and water quality lead to the slow health decline and death in mangrove trees,
followed by the collapse of the soil surface. Impacts associated with mangrove degradation
and death include changes in the physical structure and biogeochemistry of soils, altering
organic matter inputs and porewater dissolved oxygen, which directly affect mangrove-
dependent benthic faunal communities [15].

Mangrove benthic fauna have complex life histories and utilize connected habitats [16-18],
playing key roles in carbon cycling and organic matter degradation [16,19], and thus
serving as key facets of ecosystem functioning and the provisioning of services. These
communities are composed of mobile and sessile epifauna (those living on the sediment
and/or root surfaces) and infauna (sediment dwellers), typically adapted to extreme
environments, including hypersaline and hypoxic conditions, and capable of manipulating
the physical and chemical nature of refractory organic matter [20]. For example, brachyuran
crabs occupy multiple habitat zones, from arboreal to burrowing forms. Certain species
facilitate the decrease in ammonium and sulfide concentrations via bioturbation [16] and
increase leaf-litter decomposition, consequently impacting mangrove productivity, and the
retention and export of organic matter [20]. Mangrove loss is directly tied to changes in
the biodiversity of the food web [21] due to the decline in habitat and modification in the
availability of organic matter to the benthos [22]. As mangrove forest structural complexity
and biomass increase with maturity, so does the availability of habitat and detrital food
sources for new recruits and resident fauna [23]. Likewise, as mangrove forest structure and
belowground root biomass decline, leading to open canopy conditions and the reduction
in a food bank via leaf litter, benthic communities and their associated trophic ecology
will shift in response [11,15,22]. For example, the composition of ocypodid and sesarmid
crabs and mollusc taxa, typically epifaunal dominants and ubiquitous across mangrove
systems worldwide, have proven useful indicator groups of ecosystem health given that
their composition has been demonstrated to shift along mangrove degradation gradients
([15] and references therein). Mangrove infauna in general have proven reliable indicators
of habitat and ecosystem change as their relative composition (e.g., the proportion of
polychaetes vs. amphipods) provides insights into their sensitivity to disturbance [24,25].
Thus, measuring benthic community characteristics, including composition, diversity,
density, and taxa redundancy, can inform the degree of the decline or recovery of their
associated habitat [18,26-28].

Examining the trophic ecology of communities provides an additional dimension
into the ecosystem functioning of a healthy mangrove [23,29], or disturbed or recovering
habitat (cf. [30]). Stable isotope analysis, for example, provides a complementary approach
to examining benthic community metrics. Stable isotope analysis has been successfully
used to understand mangrove food webs in particular [31], and as a tool to track mangrove
ecosystem recovery [15]. The bivariate space occupied by consumer and primary producer
isotope values may be used to approximate their overall isotopic niche, which can inform
their trophic niche [32,33]. Metrics that approximate this isotopic niche have improved our
ability to make comparisons in habitat trophic ecology, including niche location, overlap,
niche width, or diversity, both within and among communities over time. By examining
bivariate isotopic niche space, one can quantify changes in food-web characteristics due to
disturbance or restoration, including the modification of dominant energy pathways or the
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overall niche space. For example, Demopoulos et al. [23] postulated that the development
of mangrove detritus-based food webs, from algal-dominated to mangrove-dominated, is a
function of mangrove forest age, where age-driven shifts in organic matter accumulation
and the corresponding isotopic signals have been observed in a variety of detritus-based
ecosystems (cf. [34,35]). These changes can be directly measured through the analysis of
consumer isotopes and the calculations of community-wide isotope metrics that approxi-
mate trophic niche space, diversity, breadth, and redundancy [32]. Thus, isotopic metrics
provide a mechanism to track the changes in ecosystem functioning following disturbance
or restoration actions.

Clearly, degradation can result from multiple factors and cumulative effects, which
play into the overall status of a mangrove environment [36]. The application of interme-
diate benchmarks and indicator metrics described below to track mangrove ecosystem
change and to help estimate the status of recovery could improve the understanding of the
timescales for the recovery of full ecosystem functioning. This study examined a stressed
and degraded mangrove habitat that was recently subjected to hydrological restoration
using a multi-tracer, multidimensional approach described below. We used a space-for-
time analysis, examining the mangrove system along a degradation gradient, from dead,
transitional, and full canopy zones, and compared these to reference zones that contained
mature mangrove forests with similar plant composition. These different mangrove zones
represented successional status. We hypothesized that epifaunal and infaunal community
composition and structure would differ among zones, and these differences would be
driven by gradients in the above- and belowground physical and biogeochemical attributes.
Likewise, given the gradient in available primary food resources across habitat zones, we
hypothesized that the trophic diversity and overall food webs, inferred using stable carbon
and nitrogen isotopes and isotope-derived community-wide metrics, would also be distinct
by zone and mangrove maturity, where greater trophic diversity and shifting isotopic
baselines is expected with increased mangrove maturity and available primary sources
(Figure 1). By combining traditional ecological metrics with stable isotope community anal-
ysis, this study provides baseline community ecology information in these environments
and identifies key metrics to track over time to help ascertain timescales for recovery or
continued ecosystem decline.

Mangrove

dominated Algae

dominated

6"°C (%o)

Figure 1. Conceptual diagram of the hypothesized isotopic niche patterns based on the maturation of
detrital pathways and increased diversity of available carbon resources.
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2. Methods
2.1. Study Site

Rookery Bay National Estuarine Reserve (RBNERR), located on the southwest coast
of Florida, USA, protects 44,515 hectares of coastal area and contains approximately
18,553 hectares of mangrove forests. Marco Island is a residential area located within
the RBNERR. The development of the island as residential, in particular, the construction
of County Road 92 (CR-92), has caused significant long-term stress and mortality to the
local mangrove forests [8]. CR-92 restricted tidal flow into the study wetland, fragment-
ing and damaging the mangrove forest [8,9]. Efforts to restore natural hydrology to this
mangrove-forested area to pre-CR-92 conditions began in a 1.6-hectare mangrove die-off
area in 2012. Restoration activities included digging several small trenches to enable tidal
connection and reestablish tidal flow to the area. While the effort was small in scale, some
rehabilitation was evident in the most degraded zones [37] and included sustained tidal
flow and the natural recruitment and establishment of native mangrove species.

To assess the effects of hydrological restoration efforts on the biological community,
sampling locations were established in the restoration area of RBNERR off CR-92 and on
Horrs Island, a peninsula separated from Marco Island by a small tidal creek (Figure 2).
Mangrove species present at both sampling locations included Rhizophora mangle and
Avicennia germinans. Laguncularia racemosa was also present in the restoration area. Within
the restoration area, two sites (T1 and T2) were established across the hydrological stress
gradient that encompassed three zones: open canopy (dead), transitional, and full canopy
(Figure 2A). The dead zones consisted of mudflats with dead trees and minimal or open
canopy cover, whereas the transitional zones were composed of saplings, some live canopy
cover, and often the presence of Batis maritima (Figure 2C). Lastly, full canopy zones had
mature mangrove trees and maximum canopy cover (Figure 2C). Within each zone, replicate
0.25 m? quadrats (n = 6, labeled A-F) were established at 5 m intervals along transects
running parallel to habitat boundaries, with the corners marked using 0.25” PVC pipe. An
additional site was established (T5) on Horrs Island representing the most proximal and
best representation of a natural healthy mangrove habitat (reference zone, Figure 2B). Three
replicate transects (labeled A, B, and C) were established with replicate 0.25 m? quadrats
set up like T1 and T2.
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Figure 2. Location of the study area in southwest Florida sampled during winter (January) and
summer (August) 2015. (A) Two sites (T1 and T2) were established in an area targeted for hy-
drological restoration on Marco Island, Florida. The points represent three different zones: dead
(red), transitional (green), and full canopy (blue), sampled along each transect in the restoration
area. (B) Additional transects were established within a natural mangrove habitat (T5) on Horrs
Island. The purple points represent the locations of three reference transects in mature mangroves.
(C) Representative habitats in each zone sampled during this study.

2.2. Field Sampling

The sampling occurred in the early morning during daylight hours both in winter
(January) and summer (August) in 2015; these events corresponded to a mixture of tidal
cycles. The quantitative observations of flora and epifauna presence were recorded within
the six quadrats at each zone for the three sites (T1, T2, and T5; Figure 2) at both time
points. Flora counts included densities (# m~2) of mangrove prop roots, pneumatophores,
seedlings, saplings, trees, and/or other plant or algae taxa (e.g., Batis sp. and macroalgae)
present within a quadrat. Specific epifauna, including crabs, snails, bivalves, insects, fish, or
biogenic features (e.g., burrows or insect tubes) were also recorded. For the other sampling
parameters (light, redox potential, porewater, sediment cores, and BMA), sampling and
measurements were conducted at every other quadrat (January 2015 = quadrats ACE;
August 2015 = quadrats BDF) along each zone. Alternating sampled quadrats for each
time point (ACE then BDF) reduced the potential disturbance impacts associated with
repeated sampling at the same location. Light at the sediment surface was measured
using an Apogee QMSS-S quantum meter. Porewater salinity measurements within the
upper 2 cm of sediment were recorded using a handheld refractometer. Redox probes were
inserted into the sediments at 5, 15, and 30 cm depths to examine redox potential, enabling
comparisons to previous studies (e.g., [38]) and capturing the uppermost sediment layers
where infauna reside. Porewater was extracted in situ using a 50 mL syringe attached
to a sipper tube [38] inserted to 5, 15, or 30 cm depth. YSI probes were inserted into the
extracted porewater to record salinity (YSI model 30), temperature (°C), dissolved oxygen
(mg/L), percent oxygen, and conductivity (mS) (YSI model 550A) for each porewater
sample. Three sediment cores (6.35 cm diameter) were inserted approximately 2 cm into
the ground outside of the quadrats (within 10 cm) for (1) infauna for stable isotope analysis
(SIA) (referred to as “infaunal cores” from hereon), (2) infauna community assemblages
(“macrofauna cores”) and belowground plant organic biomass, and (3) sediment organic
carbon, total nitrogen, stable carbon and nitrogen isotopes, and grain size (“sediment
chemistry cores”). The infaunal cores were placed in 250 mL jars topped off with filtered
seawater and stored in the refrigerator until they were sieved and sorted live for SIA. The
macrofauna cores were placed in 250 mL jars and preserved in a 10% formalin-seawater
solution for later sorting. The sediment chemistry cores were placed in a whirlpak and
homogenized, and approximately 2 mL of material was placed in a vial for SIA, and then
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frozen at —20 °C. For the collection of benthic microalgae (BMA), a 10 mL syringe with the
tip removed was inserted into the sediment to extract ~10 mL of surface sediment. BMA
sediment was placed in a 15 mL cryovial and frozen at —20 °C until laboratory extractions
for SIA. (see details below). Flora (mangrove leaves, detritus, Batis sp., and algae) and
epifauna were also collected, targeting 5-10 specimens per zone within the three transects,
and frozen for SIA. Samples of standing water were collected along the north side of CR-92
and subsequently filtered through a pre-combusted 47 mm GFF filter to isolate particulate
organic material (POM).

2.3. Isotope Analyses

BMA were extracted from sediments using the Ludox extraction technique as described
in Moseman et al. [39]. Briefly, equal volumes of homogenized surface sediment and
deionized water were added to a 15 mL centrifuge tube, vortexed, and then centrifuged,
and the resulting supernatant was discarded. Ludox was then added to the centrifuge tube,
the contents were vortexed again, and then centrifuged. The resulting golden-brown layer
of microalgae was extracted using a pipette and transferred to a pre-combusted GFF filter.
The filters were examined under the dissecting scope to remove detritus and fauna.

The infauna cores were first sieved over stacked 1 mm and 300 um meshes and
then sorted live in seawater for dominant macrofauna (>300 um). The sorted infauna
were dipped in deionized water, placed in preweighed tin capsules, and then dried and
reweighed to determine sample weight. In the laboratory, flora and epifauna samples were
identified and dissected. For consistency, tissue was removed from similar body regions
based on taxa [40]. The tissues were dried to a constant weight at 50-60 °C, ground to a fine
powder with mortar and pestle, and weighed into tin capsules for SIA. Invertebrates (both
epi- and infauna) were acidified with 10% platinum chloride mixed with 1 N hydrochloric
acid to remove inorganic carbon, then dried. The POM filters were dried and weighed. The
POM and BMA filters were then acidified with 1 N hydrochloric acid, dried (50-60 °C), and
scraped into tin capsules for SIA. The sediments subsampled from the sediment chemistry
core were dried (50-60 °C), then homogenized, and sent to Washington State University
(WSU) for acidification with 1 N phosphoric acid prior to encapsulating in tin capsules
for SIA.

The SIA samples were analyzed for stable carbon and nitrogen composition referenced
to Vienna PeeDee Belemnite and atmospheric nitrogen gas, respectively, at WSU using
a Costech (Valencia, Santa Clarita, CA, USA) elemental analyzer interfaced with a GV
instruments (Manchester, UK) Isoprime isotope ratio mass spectrometer. Precision was
verified using egg albumin calibrated against the National Institute of Standards reference
materials and reproducibility was monitored using organic reference standards [40] and
duplicate samples. Isotope ratios were expressed in standard delta notation, §'3C and §'°N,
in per mil (%o). The long-term standard deviation for samples versus standards is 0.3%. for
5'3C and 0.5%» for 5°N.

2.4. Sediment Analyses

The macrofauna cores were sieved over stacked 1 mm and 300 um meshed sieves.
The sieved sediments were sorted under a dissecting microscope, and macrofauna were
identified to family level or higher and stored in 80% ethanol. The identified infauna from
both the 1 mm and 300 pum fractions were combined for analyses. Organic material was
separated from the residual material from the macrofauna core fractions, including the
dense root matter in the 1 mm fraction and the finer organic particles via flotation in the
300 pm fraction, and dried to a constant weight at 50-60 °C to estimate the belowground
organic biomass. The sediment chemistry cores collected for grain size analysis were sieved
over a 2 mm mesh to remove root matter, and hydrogen peroxide was added to remove the
remaining organic matter. The sediments were then sieved over a 63 pm mesh to separate
the mud (<63 um) and sand (>63 pm) fractions and dried to a constant weight at 110 °C.
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2.5. Statistical Analysis

The raw data of macrofauna, epifauna, sediment and porewater chemistry, and stable
isotope content can be found in the associated data release [41]. Two-way analysis of vari-
ance (ANOVA) tests indicated no difference between the sites T1 and T2, allowing data to be
pooled for all the statistical analyses presented in the results below (Supplemental Table S1).
Univariate metrics, including the densities of individuals, biodiversity, stable isotopes, and
environmental parameters were analyzed using the program R [42]. One- and two-way
ANOVAs were used to test for differences between the sampling periods (winter and sum-
mer) and among zones (dead, transition, full canopy, and reference) followed by Tukey’s
HSD for multiple comparisons. All the data were tested for normality and homoscedasticity
using Shapiro-Wilk and Levene’s test [43] and loge-transformed when necessary. If trans-
formation did not achieve normality or homoscedasticity, a non-parametric Kruskal-Wallis
test was used followed by a pairwise Wilcox test with a Holm correction for multiple
comparisons. A significance level of p < 0.05 was used in all the tests. Five samples were
excluded from the analyses of sediment stable isotopes (S1T-C Winter, S1D-E Winter, S5B-D
Summer, S5C-D Summer, and S5C-F Summer) due to §'3C and §'°N values outside the
99% confidence intervals of the samples.

The epifaunal community structure was assessed by examining the overall contribu-
tion (densities) of Minuca sp., Mytilidae, Cerithiidae, Melampus coffea, fish, Insecta, insect
tubes, and burrows. The infaunal community structure was assessed by quantifying the
contribution of higher-level taxa: Polychaeta, Oligochaeta, Mollusca, Insecta, Turbellaria,
and other taxa. Other taxa included Decapoda, Anthozoa, Hydrozoa, Nemertea, Acari,
and Arachnida. The colonial taxa Bryozoa were not included in the density, diversity,
and community analyses but were included in the overall taxa numbers. The metrics for
biodiversity included the total number of taxa present (Sp), Shannon diversity (H'log,),
and Pielou’s evenness (J’) based on untransformed family-level or higher-density data in
PRIMER version 7. Statistical analyses were not performed on epifauna evenness (J’) due
to the absence of epifauna in many quadrats resulting in an inability to calculate the metric.
The multivariate analysis of the epifaunal and infaunal communities was performed on
square root-transformed family-level or higher-density data using Bray—Curtis similarities
in PRIMER 7 [44]. Differences in the epifaunal and infaunal communities with respect to
zone and sampling time period were examined using the analysis of similarities (ANOSIM)
and visualized with non-metric multidimensional scaling (nMDS). Similarity of percentages
(SIMPER) was used to identify the taxa responsible for discriminating between zones and
sampling periods and to assess the variability of the communities within those groups.
Cluster analysis (CLUSTER) combined with similarity profile analysis (SIMPROF) was
additionally used to determine similarity groupings. The samples containing no epifauna
(n = 25) were excluded from the epifaunal community analyses. The corresponding samples
in the epifauna similarity matrix were compared to the infauna similarity matrix using the
RELATE function to assess the correlation between the epifaunal and infaunal communities.

Several environmental and biological drivers of community structure and compo-
sition were also examined and incorporated into a model. The environmental drivers
included sediment and porewater characteristics: percent sand content, percent carbon
and nitrogen content, §!3C and §'°N, redox potential, light, surface salinity, porewater
oxygen concentration, percent oxygen content, salinity, temperature, and conductivity. The
biological drivers included belowground plant biomass, and densities of epifauna (Cerithi-
idae and insect tubes), pneumatophores, seedlings, and trees quantified from the quadrats.
Distance-based linear modeling (DistLM) was used to assess the relationship between these
potential drivers and the infaunal communities using the PERMANOVA+ add-on package
in PRIMER 7 [45]. DistLM performs nominal tests of each variable’s explanatory power
on community structure and builds a multivariate statistical model of the explanatory
power of a suite of variables when considered together to determine the “best” model
based on the Akaike information criterion for small sample sizes (AICc). For epifaunal
communities, DistLM was performed using the same drivers as included for the infauna,



Diversity 2024, 16, 659

8 of 27

except for Cerithiidae and insect tubes, since they were already represented in the epifaunal
community attributes.

In order to estimate the isotopic niche size and overlap, sample size-corrected standard
ellipse area (SEA.), the Bayesian SEA (SEA}), and SEA,, overlap were calculated using
SIBER packages [33,46] in R version 4.1.3 for the epi- and infauna isotope data from different
zones within T1, T2, and T5. While large bivalves had both muscle and gill tissue analyzed,
only muscle tissue was included in the statistical analyses because muscle was analyzed
consistently across multiple taxa. For SIBER analyses, the “community” category was
defined as the sampling period (winter and summer), while the zones were classified
under the “group” category (dead, transition, full canopy, and reference). SEA. was
calculated because small sample sizes can lead to bias and result in the underestimation of
the population SEA, confounding comparisons between studies that have unequal sample
sizes. SEAy, was calculated from 10* posterior iterations of SEA}, based on the data set,
with mean and 95% credible intervals reported. SEAy, illustrates the total amount of niche
space occupied by the “group” (i.e., zone) and can approximate the extent of the trophic
diversity and utilized resources. SEA overlap for the different habitats was calculated and
expressed as a proportion of the sum of the non-overlapping areas in the ellipses. The
calculated values range from O to 1, reported here as 0-100% overlap, respectively [33].
The isotopic niche was further evaluated in R using Layman metrics [32,33]. The carbon
(CR) and nitrogen (NR) ranges indicate differences between the minimum and maximum
values and infer the basal carbon sources and variability in primary production (CR), as
well as nitrogen sources and trophic length (NR). The mean distance to the centroid (CD)
and mean nearest neighbor distance (MNND) provide information on the trophic diversity
and degree of species packing, while the standard deviation of nearest neighbor (SDNND)
provides an indicator of trophic evenness. Posterior distribution differences were calculated
for SEAy, CR, NR, CD, MNND, and SDNND to determine statistical significance.

3. Results
3.1. Environmental Characteristics

Several environmental parameters (15 of 18) were significantly different either among
zones or time points (Table 1). In general, the dead zone had the highest light levels, higher
sediment 513C values and mud content, but lower C:N, belowground root biomass, and
redox at 15 cm depth (Table 1). Temporal differences were most apparent in the porewater
characteristics, with lower temperature, salinity, and conductivity at 30 cm sediment depth
occurring in winter, and higher oxygen concentrations and surface salinity in the winter
than in the summer. The light levels and sand content were also lower in the winter than
in the summer, while the mud content was higher in the winter. Within each zone, the
§!3C and §'°N values of the surface sediments were consistent (Supplemental Table S2).
However, there were among-zone distinctions; the dead zone surface sediments had
significantly higher 5§!3C and 5!°N values compared to all the other zones. The surface
sediment 5'3C values from the transitional zone were higher than full canopy and reference
zones (Supplemental Table S2). For the sediment '°N values, there was variation between
the two time points; while there was no difference in the sediment !N values among
transitional, full canopy, and reference for winter, transitional and full canopy both had
higher values than the reference in summer.
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Table 1. Mean =+ SE values for environmental variables within each zone and sampling period. For statistical comparisons: W = winter; S = summer; R = reference;
F = full canopy; T = transitional; D = dead; using o« < 0.05 for the level of significance. Surface porewater salinity (psu) was measured via a refractometer, while a YSI
was used for measuring salinity (psu), temperature (T, °C), %O, O, (mg/L), and conductivity (Cond, mS) at 30 cm sediment depth. Light (umol m~2 571 400-700 nm)
was measured at the sediment surface. Roots refers to root biomass and Redox refers to reduction-oxidation potential. Note that different sample sizes were used for
isotope and organic content for the winter transitional and dead zones (1 = 5), and summer reference zone (1 = 6).

Season Winter Summer Statistical
Zone R F T D R F T D Comparisons
Sample Size 9 6 6 6 9 6 6 6
313C (%o) * —271+£04 —27.0+£04 —262+04 —242+09 —271+0.3 —271+04 —265+0.2 —241+0.8 D>T>F=R
%C 224 +52 163 £ 1.1 175+1.2 19.8 £ 3.0 23.0 £ 4.6 219+24 16.6 £1.9 170+ 19 -
ST > WT,
SN (%o) £ 21406 27403 22404 42406 20403 284+0.6 33402 42402 W:D>T=F=R,
SD>T=F>R
%N 1.7+ 04 1.0+ 0.0 1.1+01 19+03 1.5+02 1.3+£02 1.5+02 1.8+0.1 -
CN* 162 +£2.3 19.7 £29 184 +1.3 120+1.2 18.1 £ 4.9 21.6 £ 6.2 13.7 £2.8 11.1+1.7 F>R=T>D
Light t* 58.0 +£ 13.7 183+ 1.7 107.2 £ 51.4 1159.3 £ 179.3 613.4 £+ 275.6 521.7 £ 230.7 547.2 4+ 306.1 1475.8 £ 1224 W DS>?{V;],F =T
Grain size
S>W,

Sand (%) t* 21.86 + 0.63 33.60 £+ 2.92 4474 +7.22 20.01 £ 1.39 30.98 4+ 2.39 35.96 + 1.84 63.14 £+ 7.42 36.30 £+ 6.45 W: T=F>R=D,

S:T>R=F

W>S,

Mud (%) t* 78.14 £ 0.63 66.40 + 2.92 55.26 + 7.22 79.99 + 1.39 69.02 + 2.39 64.04 + 1.84 36.86 + 7.42 63.70 £+ 6.45 W:D=R>T=FE

SSR=F>T
Roots (g) * 4.06 £+ 0.60 5.16 £ 0.54 5.62 +£0.70 2.44 +0.69 459 +0.53 5.49 £+ 0.60 412+0.35 0.87 £0.26 R=F=T>D
Porewater
Salinity
Surface $* 49.44 + 0.82 47.67 + 1.58 51.17 £ 1.42 48.00 + 1.06 38.44 +1.31 34.67 +0.33 40.83 +2.85 34.67 +0.92 W > S, No zone difference
30 cm * 52.04 + 0.75 45.55 + 5.17 57.63 + 0.84 53.32 +2.72 56.59 + 0.23 51.05 + 1.15 59.27 + 1.34 5447 +1.32 R :STZ‘g; F
T (°C) t* 18.79 £ 0.46 21.42 +0.22 22.73+0.13 22.00 + 0.80 29.71 +0.34 30.83 + 0.69 31.52 +0.48 30.83 +0.49 W:D i ;Z\I’F SR
%0, 82.62 + 13.89 67.45 +9.03 73.87 £ 9.06 29.72 +7.17 20.36 + 0.76 33.38 +1.02 19.40 £+ 1.03 47.75 + 29.25 W>S, W:R>D
Oy t 5.67 £ 0.96 513 £0.77 1217 £ 7.11 7.74 + 5.68 1.55 + 0.08 2.49 + 0.07 1.46 + 0.09 1.38 + 0.04 W>S
Cond t* 7542 +0.72 73.32 +1.88 81.95 + 1.04 76.70 + 3.47 88.42 +£0.70 81.67 +1.85 94.72 £ 1.21 86.65 + 1.70 S?[‘iv’[‘)N:}l:iI;’
Redox (mV)
5cm 40.12 + 60.39 124.80 £ 63.96 78.30 + 91.61 —120.18 4+ 32.81 —67.94 + 47.64 —67.52 £+ 68.03 57.53 4+ 68.48 —43.20 4+ 32.42 -
15cm* —71.34 £ 20.64 69.62 + 77.89 —3.32 + 38.66 —127.90 £+ 23.76 —82.47 £+ 49.25 —45.73 + 82.84 —57.78 £ 56.27 —147.27 4+ 34.27 F>D
30 cm * —126.49 + 30.56 —87.03 £55.11 —159.25 £27.42  —158.00 + 15.40 —70.34 £+ 36.93 —84.88 £+ 60.95 —191.85 £ 34.51 —178.20 £ 24.73 No pairwise

t—indicates significant temporal differences; *—indicates significant differences among zones; “—indicates significant interaction between zone and time.
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3.2. Faunal Diversity and Community Structure
3.2.1. Epifauna

The epifaunal communities differed among the zones and time points (Figure 3;
Table 2; Supplemental Tables S2 and S3). The epifaunal density did not differ between
time points for all the zones except for dead (Figure 3; Table 2). Among the zones, the
densities in the reference zones were the lowest in both seasons, and comparable to the
dead zones in the winter (Supplemental Table S4). Shannon diversity (H'log.) followed
a similar pattern as density in both seasons, with the lowest diversity occurring in the
reference zones (Table 2), while qualitatively, evenness (J') was similar or not detected
among all the seasons and zones. Community composition in the reference, full canopy,
and transitional zones was dominated by M. coffea molluscs which were absent from
the dead zone (Figure 3). Additionally, the transitional and full canopy communities
were characterized by similar proportions of burrows. Mytilidae molluscs (Geukensia
granosissima) were only found in the full canopy zones. In contrast, the reference zone
community was composed entirely of M. coffea and fish. Fish were also observed in the
dead zone in winter, indicative of the presence of standing water in these areas. There
were temporal differences in the dead and full canopy epifaunal communities but not in
the transitional or reference zones (Supplemental Table S2). Cluster analysis identified six
distinct community clusters (Figure 4A). The winter reference communities all grouped
together, while the summer reference communities, which contained few taxa, grouped
with the dead zones, likely due to the presence of few taxa overall. The majority of the full
canopy communities grouped together with a subset of the transitional communities, while
a few of the transitional communities grouped with the summer dead communities at the
lowest percent similarity (43%).

Table 2. Epifaunal and infaunal community metrics, and total flora density collected during winter
(January) and summer (August) in 2015. Density (ind. m~2), evenness (J’), and Shannon diversity
(H'log,) are presented as mean =+ SE values.

Season Winter Summer

Zone Reference Full Transitional Dead Reference Full Transitional Dead
Canopy Canopy

Epifauna

Sample Size 18 12 12 12 18 12 12 12

Density 31+1.1 110.3 + 10.6 38.3 +11.8 43408 1.8+0.7 109.3 +22.6 48.7 £ 159 104.0 + 16.3

Number of Taxa 1 5 4 3 2 4 4 5

Evenness (J') - 0.72 £ 0.05 0.73 +0.08 0.92 0.92 0.61 + 0.04 0.67 +0.13 0.48 + 0.07

Shannon

Diversity 0.0 £0.0 0.66 + 0.07 0.45 £ 0.10 0.05 £ 0.05 0.04 £ 0.04 0.50 £ 0.08 0.26 £ 0.10 0.26 £+ 0.08

(H'log,)

MVDISP 1.37 0.509 1.031 0.707 0.975 0.862 1.125 0.637

Infauna

Sample Size 9 6 6 6 9 6 6 6

Density 20,713 £ 3196 12,164 + 2498 18,589 + 4201 155,187 + 19,658 14,955 + 3804 20,326 + 4838 19,747 + 4667 18,273 4+ 4574

Number of Taxa 12 15 14 13 9 22 12 10

Evenness (J') 0.62 £+ 0.04 0.76 £ 0.03 0.74 + 0.04 0.39 +0.03 0.61 £+ 0.07 0.68 £+ 0.07 0.74 + 0.01 0.64 £+ 0.06

Shannon

Diversity 1.08 £ 0.07 1.55 £ 0.09 1.33 £ 0.05 0.74 + 0.07 0.81 +0.11 1.38 £0.18 1.36 +0.08 1.10 £ 0.13

(H'loge)

MVDISP 0.686 1.265 1.294 0.578 0.995 1.695 0.668 1.266

Flora

Density 403.8 £ 15.9 550.3 £51.8 541.0 £31.6 23 418.4 425.3 478.0 = 80.1 473+ 452
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Figure 3. (A) Epifauna and biogenic structure density (individuals m~?) & 1 standard error and
(B) taxonomic composition in surface quadrats during winter (January) and summer (August) 2015 from
reference, full canopy, transitional, and dead zones. Colors in composition figure (B) represent major tax-
onomic groups: Mollusca (purple), insects (green), crabs (orange), fish (light blue), and burrows (beige).
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Figure 4. A non-metric multidimensional scaling plot for (A) epifauna and (B) infauna in the surface
sediments collected during winter (January, solid symbols) and summer (August, open symbols)
of 2015 based on Bray—Curtis similarities of square root-transformed density data. The colors refer
to the zones: purple = reference; blue = full canopy; green = transitional; red = dead. The ellipses
represent significant clusters with average similarity among the cluster samples indicated.

3.2.2. Infauna

A total of 5655 individuals were collected from the sediment cores across both time
points and zones. Of the 34 taxa observed, 7 were present across all the zones, including
Capitellidae, Nereididae, Tubificinae, Cochliopidae, Ceratopogonidae larvae, Acari, and
Turbellaria (Supplemental Table S5), while 17 were present within only one zone. The full
canopy zone contained the highest number of unique infaunal taxa (10), including Fabrici-
idae, Orbiniidae, Enchytraeidae, Mytilidae, and Cyrenoididae, followed by transitional
with 3 unique taxa. The reference and dead zones had the least number of unique taxa (two
and one, respectively) and overall taxa (Table 2). A significant interaction was detected in
the macrofaunal densities, as well as for Shannon diversity (H'log,) (Table 2) between time
and zone (Supplemental Table S2). The dead zone had the highest densities and lowest
diversity (H") and evenness (J') compared to all the other zones for winter. In contrast, these
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metrics were similar between time points within the transitional, full canopy, or reference
(Supplemental Table S2) zones. H” was also lower in the reference than in the full canopy
and transitional zones (Supplemental Table S2) for both time points.

Taxonomic composition varied both temporally and among zones (Figure 5,
Supplemental Table S3) based on SIMPER analysis. The infaunal communities from the
dead zone were most distinct from the reference zone (Similarity: 22.9%), followed by the
full canopy (Similarity: 29.5%) and the transitional zones (Similarity: 37%). Dead zone
infauna was dominated by Insecta (Ceratopogonidae) in the winter and Capitellidae and
Oligochaeta in the summer. Ceratopogonidae and Dolichopodidae larvae (Insecta) had
higher densities in the dead zone, whereas the transitional and full canopy zones were
dominated by Oligochaeta in both time points. During the winter, the transitional zone had
higher densities of Capitellidae and Tubificinae, while Capitellidae and Orbiniidae were
more prevalent in the full canopy zone. In contrast, the reference zone was dominated by
higher proportions of Insecta (e.g., Chironomidae) and Mollusca (e.g., Cochliopidae). Sum-
mer was characterized by higher densities of Cochliopidae (Gastropoda) and Turbellaria in
the transitional zone, Ceratopogonidae larvae, Tubificinae, and Syllidae in the full canopy
zone, and higher densities of Tubificinae in the reference zone.
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Figure 5. (A) Infauna density (individuals m~2) + 1 standard error and (B) taxonomic composition
in the upper 2 cm of sediment during winter (January) and summer (August) 2015 from reference,
full canopy, transitional, and dead zones. Colors in composition figure (B) represent major taxonomic
groups: Polychaeta (dark blue), Oligochaeta (red), Mollusca (purple), insects (green), and other
taxa (orange).
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Cluster analysis identified four groups based on the infaunal communities (Figure 4B).
The winter dead communities composed their own group with 73% similarity due to similar
densities of Ceratopogonidae and Dolichopodidae larvae. The summer dead communities
clustered with all of the full canopy and transitional communities (47% similarity) due to
similar densities of Tubificinae, Ceratopogonidae, and Capitellidae. All of the reference
communities fell into two groups: the first was composed of three summer samples at 66%
similarity due to similar densities of Chironomidae and Tubificinae, and the remaining
samples grouped together (66% similarity) with the addition of Cochliopidae. The infaunal
community structure was significantly correlated to the observed epifaunal communities
within the associated quadrats (RELATE, rho = 0.4, p = 0.0001), which may indicate that
both communities are influenced by similar environmental drivers.

3.3. Environmental Drivers of Community Patterns

Several environmental variables were the potential drivers of epifaunal community
variability (Table 3, p = 0.001-0.046). The “best” model included §'3C, porewater tempera-
ture, percent oxygen (O,%), sand content, light, and R. mangle prop roots explaining 53.6%
of the variation in epifauna (Table 3, Figure 6A). The dbRDA1 axis mostly separated the
dead zone from the other zones, due to higher 'C and light values. The dbRDA?2 axis
was largely influenced by R. mangle roots, sand content, O,%, and porewater temperature,
distinguishing the transitional, full canopy, and reference zones and associated time points.
All the top 10 models were within 1 AICc of the top model, with 5§'C as a common variable
present in all the models and temperature included in 9 out of 10 models; notably, one
model included sediment §'°N as another potential discriminating factor (Table 3).

Table 3. Results from distance-based linear modeling (DistLM) for environmental variables with
epifaunal communities. Values in bold indicate significant individual variables.

Variable SS (Trace) Pseudo-F p-Value Proportion
s13C 33,181 15.09 0.001 0.301
%C 3745 1.23 0.298 0.034
815N 20,777 8.14 0.001 0.189
%N 6544 2.21 0.072 0.059
C:N 16,636 6.23 0.001 0.151
Biomass (B) 24,259 9.89 0.001 0.220
Light 21,775 8.62 0.001 0.198
Pneumatophores (Pneu) 17,233 6.49 0.001 0.156
Avicennia germinans Seedlings (Ag) 4748 1.58 0.153 0.043
Rhizophora mangle Roots (Rm) 6880 2.33 0.046 0.062
Surface Salinity (SS) 4600 1.53 0.191 0.042
Salinity—30 cm (S) 3025 0.99 0.438 0.027
Temperature—30 cm (T) 5541 1.85 0.121 0.050
% Oy—30 cm (%0O3) 2498 0.81 0.504 0.023
O, (mg/L)—30 cm (Oy) 2094 0.68 0.644 0.019
Conductivity—30 cm (C) 3334 1.09 0.365 0.030
% Sand 6232 2.10 0.071 0.057
Eh—5 cm (Eh5) 5480 1.83 0.112 0.050
Eh—15 cm (Eh15) 6963 2.36 0.052 0.063
Eh—30 cm (Eh30) 3274 1.07 0.362 0.030

Total

110,150
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Table 3. Cont.

dbRDA1 (48% of fitted. 20.8% of total variation)

AICc R? RSS Selections
285.41 0.536 51,123 §13C, T, %0O,, % Sand, Light, Rm
285.77 0.491 56,080 §13C, T, %05, % Sand, Light
285.8 0.491 56,113 313C, T, %05, % Sand, Rm
285.89 0.448 60,789 §13C, T, Light, Rm
285.93 0.489 56,315 §13C, T, %0,, Light, Rm
286.03 0.446 61,007 313C, T, %05, % Sand
286.05 0.487 56,499 §13C, 815N, T, Light, Rm
286.11 0.486 56,593 §13C, T, % Sand, Light, Rm
286.21 0.401 65,926 813C, % Sand, Light
286.24 0.443 61,361 313C, T, %05, Rm
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Figure 6. Distance-based redundancy analysis (dbRDA) of the “best” model from the distance-based

linear modeling of the sampling locations within the zones based on Bray—Curtis similarities of

square root-transformed (A) epifauna and (B) infauna density data.
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Thirteen of the twenty-two environmental and biological variables individually ac-
counted for a significant amount of the variation in the infaunal community structure,
capable of explaining 5.4-17.8% of the variation (DistLM, p = 0.001-0.019, Table 4) and
many were consistent with those identified for epifaunal communities (e.g., sediment §'3C,
515N, C:N, belowground biomass, light levels, pneumatophores, and R. mangle prop roots).
Pneumatophores (11%), insect tubes (13.6%), sediment 31N (16.9%), and 513C (17.8%)
individually explained the greatest amounts of variation. Eleven of these thirteen variables
were also components of the top 10 “best” models, while only light (7.5%) and below-
ground biomass (6%) were not included in any of the top 10 models. The “best” model
included sediment §13C, porewater temperature (T) at 30 cm, Cerithiidae (Ce), A. germinans
seedlings (Ag), and R. mangle prop roots (Rm) explaining 43.3% of the community variation
(Table 4, Figure 6B). The dbRDA1 axis was primarily influenced by sediment §'3C, as was
observed for the epifaunal communities, with higher values separating the dead zone from
the rest of the zones. The dbRDA2 axis was influenced by the porewater temperature,
Cerithiidae, R. mangle roots, and A. germinans seedlings, separating winter from summer
sampling time points. All of the top ten DistLM models were within the 1 AICc of the
“best” model, including a seven-variable model that explained 48.6% of the community
variation, incorporating insect tubes (ITs) and porewater conductivity (C) at 30 cm (Table 4).

Table 4. Results from distance-based linear modeling (DistLM) for environmental variables with
infaunal communities. Values in bold indicate significant individual variables.

Variable SS (Trace) Pseudo-F p-Value Proportion
s13C 16,717 10.16 0.001 0.178
% C 1428 0.72 0.677 0.015
815N 15,937 9.59 0.001 0.169
% N 3004 1.55 0.132 0.032
C:N 6381 3.42 0.004 0.068
Biomass (B) 5599 2.97 0.011 0.060
Insect Tubes (IT) 12,820 7.42 0.001 0.136
Cerithiidae (Ce) 5392 2.86 0.015 0.057
Light 7009 3.78 0.003 0.075
Pneumatophores (Pneu) 10,343 5.81 0.001 0.110
Avicennia germinans Seedlings (Ag) 5049 2.67 0.019 0.054
Rhizophora mangle Roots (Rm) 6581 3.54 0.002 0.070
Surface Salinity (SS) 3816 1.99 0.070 0.041
Salinity—30 cm (S) 3327 1.72 0.113 0.035
Temperature—30 cm (T) 6769 3.64 0.001 0.072
% 0,—30 cm (%0,) 3313 1.72 0.093 0.035
O, (mg/L)—30 cm (Oy) 1245 0.63 0.759 0.013
Conductivity—30 ¢cm (C) 6839 3.69 0.003 0.073
% Sand 6885 3.71 0.001 0.073
Eh—5 cm (Eh5) 2834 1.46 0.188 0.030
Eh—15 cm (Eh15) 2747 1.41 0.181 0.029
Eh—30 cm (Eh30) 3023 1.56 0.159 0.032
Total 94,057

AlCc R? RSS Selections

356.56 0.434 53,260 §13C, T, Ce, Ag, Rm

356.75 0.462 50,558 §13C, T, C, Ce, Ag, Rm

356.86 0.430 53,581 §13C, T, IT, Ag, Rm

357.22 0.457 51,051 §13C, T, C, IT, Ag, Rm

357.24 0.457 51,071 §13C, T, IT, Ag, Rm

357.28 0.457 51,109 §13C, 81N, T, Ce, Ag, Rm

357.41 0.455 51,251 §13C, T, Eh30, Ag, Rm

357.44 0.486 48,364 §13C, T, C, IT, Ce, Ag, Rm

357.48 0.454 51,323 §13C, C:N, T, Ce, Ag, Rm

357.56 0.422 54,350 813C, T, % Sand, Ce, Rm
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3.4. Zonation in Mangrove Trophic Ecology

A total of 811 samples were analyzed for §!3C and §!°N (Supplemental Table S6),
including surface sediments, POM, other primary producers (algae, benthic microalgae,
Batis maritima, and mangrove leaves) and fauna (four phyla). The 5'C values of the primary
producers differed by zone and season, whereas while the §'°N values for the producers
varied by zone, there were no temporal patterns evident (Supplemental Table S2). The
primary producers from the reference, full canopy, and transitional zones sites were 13C-
depleted compared to the dead zones in both time points (Supplemental Figure S1). In the
summer, the primary producers from the full canopy zone were >C-depleted compared to
the dead and transitional zones. While the primary producer 5!°N values where similar for
the winter collections, the summer collections from the reference zone had significantly
lower §'°N values compared to the full canopy and transitional zones. POM was collected
opportunistically where surface water was available and was not specific to a particular
zone; the corresponding isotope values did not differ over time.

The isotopic niche space estimated using SEA. and SEA;,, and the isotope centroid
locations differed among the zones and time points (Figure 7; Tables 5 and 6). The fauna
from the dead zone had significantly higher SEA. and SEA;, values compared to all the
other zones in the winter (Figure 7, Table 5). The dead zone also had higher CR, NR, CD,
MNND, and SDNND than most of the other zones sampled in winter, indicating a higher
diversity of the available carbon resources utilized (CR), potentially longer food chains
or trophic length (NR), and overall higher trophic diversity (CD). Likewise, the higher
MNND values in the dead zone may suggest higher diversity and less trophic redundancy
compared to the full canopy and reference zones, while the higher SDNND values suggest
a less even distribution of isotopic niches. In the winter, the full canopy (blue) and reference
(purple) zones had similar SEA. and SEAy, areas (Figure 7, Table 5); however, the ellipse
orientations differed, and the small degree of overlap reflects this pattern (Figure 7, Table 6).
The reference zone had a larger variation in the §3C values relative to §'°N values, whereas
the full canopy ellipse was tilted due to similar variations in both the §'>C and §'°N values
(Figure 7). For the summer, all the zones had higher SEA}, compared to the reference
zone. Temporal patterns were also evident for the reference zone for CR, NR, MNND, and
SDNND, including a greater diversity of food resources (CR) and less even distribution
of isotopic niches (SDNND) in winter, but higher diversity in trophic length (NR) and
trophic diversity (MNND) in summer. While all the isotopic niche metrics for the dead
zone decreased in the summer (Table 5), MNND remained higher than the full canopy and
transition zones, indicating the overall trophic diversity was maintained in the dead zone
over time. There was also a decrease in ellipse area overlap (Table 6) between winter and
summer for the dead zone and all the other zones, indicating further distinction in the
isotopic niche space occupied by the dead zone community. In contrast, there were no clear
temporal patterns in CR, NR, MNND, and SDNND for the full canopy zone, indicating
consistency in the trophic diversity through time.

Table 5. Isotopic niche area (%02) estimates (sample size-corrected standard ellipse area, SEA.
and Bayesian SEA, SEAy), including 95% credible intervals (Cls) for fauna collected in 4 habitat
zones: (R)eference, (F)ull Canopy, (T)ransitional, and (D)ead during (W)inter and (S)ummer of 2015.
CR =513C range; NR = 515N range; CD = centroid distance; MNND = mean nearest neighbor distance;
SDNND = standard deviation of nearest neighbor distance. Values in bold represent significant
differences between zones and * designate differences within zones between winter and summer
based on a < 0.05 for posterior distribution (PD) comparisons.

Time Zone n  SEAc SEADb 95% CI PD CR PD NR PD CD PD MNND PD IS\RID PD
w R 63 7.25 7.168 6.57/7.80 391*% 2.36 1.89 1.55 1.06 *
F 50 7.58 7.622 6.94/8.41 3.10 3.81 ,l;> R, 2.01 0.96 0.12
T 41 9.61 9.574 8.58/10.63 2.78 191 1.42 2.09 T>F 0.21
D>R,E D>R, D>R, D>R, D>R, D>F
D 50 19.08 18.94 17.17/20.83 T 5.64 * ET 3.82 T 249 * ET 2.78 F 1.50 * T
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Table 5. Cont.
Time Zone n SEAc SEAb  95% CI PD CR PD NR  PD cD PD MNND PD 15\1%0 PD
S R 9% 676 677  628/7.22 258 3.63* 1.69 227+ R7T 00
F 5 1031 1047 947/1135 F>R 345 F>D 348 216 BP0 083 0.29
T 63 1248 1263 1143/1362 T>R st [2P 3 1.93 123 0.88
D 53 1418 1415 1270/1538 D>R 251 3.19 1.68 239 P>F o7
Winter
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Figure 7. Fauna stable isotope data (5'C and §!°N, %o, solid symbols represent centroids) and their
corresponding standard ellipse area (SEA.) for each habitat zone in (A) winter and (B) summer.
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Table 6. Proportion of overlap in SEA. and SEA;, (mean and 95% credible intervals) between different
habitat zones based on fauna collected in winter (January) and summer (August) of 2015.

Winter Summer

SEA. SEA,; SEA. SEA,;
Comparison Mean (95% CI) Mean (95% CI)
Dead vs. Transitional 47.80 46.16 (41.90/50.92) 36.60 35.94 (31.34/39.33)
Dead vs. Full Canopy 34.60 33.10 (29.45/36.53) 25.20 24.75 (21.58/27.79)
Dead vs. Reference 25.90 25.56 (21.86/28.98) 9.50 9.057 (6.82/10.79)
Transitional vs. Full Canopy 41.90 39.42 (36.18/41.80) 60.90 59.18 (55.17/62.46)
Transitional vs. Reference 32.10 31.52(29.28/33.71) 40.00 38.47 (36.18/40.33)
Full Canopy vs. Reference 27.40 27.20 (24.74/29.64) 39.00 37.16 (35.16/39.15)

4. Discussion
4.1. Influence of Habitat Degradation on Sediment Characteristics

Natural mangrove habitats can exhibit stable, yet often extreme environments, with
tidal flow supporting the consistent presence of mangrove trees and fauna. Changes in
environmental factors like light, temperature, and precipitation occur seasonally, with
extreme conditions occurring during summer when light and temperatures are at their
peak [47,48]. When mangrove habitats degrade, they experience marked changes in their
belowground and aboveground characteristics, consequently influencing ecosystem func-
tioning. The limited vegetation, shade, and reduced tidal flushing typically present in
degraded mangroves lead to more extreme environmental conditions, including intense
sun exposure, higher temperatures, and lower percentages of oxygen [49-51]. In this study,
the distinct environmental characteristics evident in the dead zone, namely the higher light
conditions and sediment §'3C values and lower C:N values were aligned with changes
in the dominant sources of organic matter. The high light values were largely due to the
reduced canopy cover and prop roots, consistent with both lower belowground biomass
(i.e., the decline in the available mangrove root material) and lower redox values, poten-
tially a consequence of less hydrological exchange and reduced flushing [5]. Higher light
availability promotes the photosynthetic production of benthic microalgae and macroalgae,
which is consistent with the lower sediment C:N values and higher sediment 5!C values.
As mangrove habitats degrade from full canopy to dead forests, dominant carbon sources
likewise shift from C3 dominant mangrove detritus ('*C-depleted organic matter) that
is more refractory in nature, inferred by the higher C:N values, to more labile algae that
utilize different photosynthetic pathways [52] and can thrive in the high light conditions
present in the dead zone. Degraded mangrove habitats are typically associated with lower
organic content [18,53], reduced above- and belowground biomass, and variable sediment
grain size [22] relative to healthy mangroves. While the sediment % organic carbon from
the dead zones in this study did not differ from the other zones, this may be due to the
different capacity to retain organic matter, recent degradation of the forest, and persistence
of belowground carbon storage through compaction [8], and/or the contribution of algal
organic matter replacing the relative proportion of mangrove detritus present in the other
zones. However, there were clear zonation patterns in the isotopic composition of the
available primary producers that shifted over time (Supplemental Figure S1), suggesting
temporal changes in dominant carbon sources in degraded mangroves, which can influence
ecosystem function (cf. [35]).

4.2. Influence of Mangrove Degradation on Benthic Faunal Community Structure

Mangroves are well-established ecosystem engineers, whereby their physical presence
helps shape the environmental and biological structure of their faunal community [53].
Vegetation presence, in the form of seedlings and prop roots and reflected in the sediment
§13C values, is a clear driver that directly and indirectly influences the composition and
structure of mangrove faunal communities (Figure 6, Tables 3 and 4), evident from other
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coastal wetlands [35,53-55]. Other vegetation, like Batis maritima, can also improve be-
lowground structure, providing elevation to reduce inundation periods, leading to more
stable temperatures and improved redox conditions [56]. The plant community creates
structure, influencing the amount of shade and light present, sediment composition, over-
all sediment temperature, and substrate for epifauna, all of which were key structuring
variables for the faunal communities. The extreme environmental conditions present in the
dead zone, including higher temperatures, likely influence the lower faunal diversity and
dominance by a few opportunistic taxa with broad tolerances. For example, the shift in the
dominance of Ceratopogonidae larvae and pupae in the winter to Tubificinae oligochaetes
and Capitellidae polychaetes during the more extreme summer environment is likely a
consequence of differences in faunal environmental tolerances, as well as their respective
life histories (cf. [57]). Because Ceratopogonidae larvae have limited nutritional reserves,
their development often occurs in organic-rich mud [58]. The presence of BMA in the dead
zone sediments and higher organic carbon content (winter) may provide suitable food
resources for these larvae. While we were unable to analyze these larvae in the winter,
their stable carbon and nitrogen isotope values (—16.2%. and 1.9%o., respectively) from
the summer are consistent with consuming '>C-enriched organic matter, likely derived
from BMA. These larvae also demonstrate developmental differences across seasons [58],
with the winter months extending the larval stage and resulting in multiple generations of
larvae occupying an area, whereas in the summer the larvae mature faster. Thus, the higher
prevalence of larvae in the winter and reduced densities in the summer may reflect this sea-
sonal gradient in time to maturity. In contrast, Capitella spp. and oligochaetes have adapted
to tolerate high organic concentrations, including pollutants, low oxygen, and extreme
salinities, and can reproduce rapidly once conditions improve [59]; thus, their dominance
in summer may reflect their broad environmental tolerances and r-selected strategies.

Additional seasonal effects in south Florida may also be driving community differ-
ences. The summer months yield higher temperatures and more precipitation, peaking
in August/September [47], and the dead zone offers little protection from these extrema.
Storm events can lead to increased standing and flowing water, which is not hospitable to
Ceratopogonidae larvae given that they cannot move well in water [58]. However, these
conditions can support higher oligochaete abundances [60], given their broad environ-
mental tolerances (e.g., [53]). Storm-induced erosional forces influence the movement and
distribution of sediment particles, including the increased settlement of sand from sus-
pended material [22,61] possibly from runoff. The larger sand particles, present in summer
sediments, retain less organic matter relative to muddy sediments, which may also limit
insect larval abundances. Summer precipitation events may disrupt the sediment surface
and enhance erosion due to a lack of vegetation in the dead zone, further reducing sediment
stability. Runoff can also transport pollutants in the form of high concentrations of organic
material, leading to decreased oxygen coupled with increased nutrient loading and other
contaminants. As a result, species with the ability to live in variable sediment types, as
well as rapidly colonize areas with higher disturbance frequency, such as Tubificinae and
Capitellidae, will dominate the community [22,59,60].

As shade, temperature, and increased root systems encourage biogeochemical reactions and
physical structure, both known to affect benthic fauna densities and composition [11,22,62-64],
it is not surprising that the models for both infauna and epifauna communities identified
temperature and R. mangle roots as driving forces influencing faunal communities, in
addition to 5'3C values (proxy tracer for dominant carbon and food resources). Mangrove
faunal communities are often composed of decapod crustaceans, gastropods, polychaetes,
oligochaetes, and insect larvae [20], as was observed in our study area; however, the
specific faunal composition shifted along the zonation gradient. For example, Mollusca
taxa composition changed with increasing mangrove canopy, which can be related to
increased organic material available in the form of leaf litter for gastropods to consume,
consistent with previous studies [27,65,66]. In the current study, Cerithiidae dominated
the dead zone in both seasons, but these taxa were replaced by Melampus coffea in the
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transition and full canopy zones. This detritivorous snail prefers higher soil organic matter
and lower interstitial salinity [67]. The full canopy zone also supported bivalve molluscs,
including Geukensia granosissima, known to be suspension feeders; these were found in
small depressions at the base of R. mangle prop roots, submerged in standing water, which
facilitates suspension feeding.

While changes were evident in the zones along the degradation gradient in the restora-
tion area (T1 and T2), comparisons to a healthy natural mangrove provide insights into
the status of restoration efforts and whether the restored areas are achieving functional
equivalency to natural mangrove habitats. With dense coverage and thick foliage, the
reference site provided consistent shade and predation protection to support an established
epifaunal community dominated by M. coffea, with limited change over time. In contrast,
the temporal changes in the diversity and composition of the infaunal communities indicate
they may be more sensitive to changes in belowground environmental controls than their
epifaunal counterparts. In the winter, the dominance of Chironomidae larvae (Figure 5B)
is consistent with their preference for habitats with abundant organic matter for food [68]
and dense root structures that can offer predation protection [69]. The mature mangrove
forest (reference) provides a constant supply of fresh organic matter that can support larvae
for extended time periods, resulting in higher densities (cf. [68]). In contrast, the changes
in community dominance from winter to summer, including the increased prevalence
of oligochaetes, may be linked to changes in precipitation with insects dominating drier
periods (winter) and oligochaetes in periods of higher precipitation (summer) due to dif-
fering life histories and respective larval dispersal modes [60]. Thus, given there were
clear changes in infaunal communities between these two time points in the reference site,
monitoring these communities at multiple time points helps to decouple natural variability
from further change, either decline or recovery, in the degraded mangrove areas.

4.3. Mangrove Degradation Gradient Aligns with Shifts in Trophic Structure and Function

Community-wide metrics revealed diverse food webs that were distinct by zone
and time points, with the size of the stable isotope space that is occupied by consumers
representing their trophic diversity (Figure 7, Table 5) and the degree of species packing
(i.e., consumers with similar isotope values) in this space reflecting relative trophic redun-
dancy [35]. For example, the dead zone exhibited high trophic diversity but lower trophic
redundancy overall, suggesting that this zone is highly dynamic and potentially vulnerable
to change. With the limited overlap among SEA between the dead and other zones (Figure 7,
Table 6), the trophic diversity of the consumers residing in the dead zone may reflect relative
maturity, or immaturity in this case, of the mangrove ecosystem (cf. [23,35]). Specifically,
the presence of particular primary producers, e.g., mangrove plants and/or BMA, can
encourage modifications in the abiotic environmental conditions, which consequently influ-
ence the stable isotope values of primary producers. These bottom-up controls on primary
producers can shape the development of consumer food webs [28,35,70]. For example,
the §!3C values of certain grazing molluscs, Littoraria angulifera and Cochliopidae snails,
decreased with increased plant canopy cover, as inferred in SIA, from dead to reference
(Supplemental Table S6). However, isotope trajectories for different trophic groups may be
non-uniform or uneven, thus we chose to examine the overall community isotopic patterns
rather than specific components, avoiding the potential conundrum of not having the same
species represented in all the zones. The zonation pattern in the Mollusca isotopes was
widespread across taxa and evident in the community-wide trophic niche space inferred
from SEA. and SEA,, ellipses (Figure 7; Table 5). Lower consumer §'3C values track the 13C-
depleted characteristics of mangrove detritus [15,23,28], where changes in the mangrove
leaf 513C values can also be a function of environmental stress [28]. As predicted, stable
carbon isotopes shifted from lower §!3C values in the mangrove-dominated reference and
full canopy zones to higher §!3C values in the algae-dominated dead zone (Ref. [15], this
study [23]). Patterns in community-wide isotope metrics examined here help inform the
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broader impacts of these shifting baselines, which can be a function of mangrove forest age,
maturity, and degradation [23,28,53].

Temporal changes within and across zones were also evident in the trophic diversity
metrics examined, indicating dynamic variations in the baseline carbon sources available
and the assimilation of food sources within these environments over time. With the
increased availability of micro- and macroalgae, the fauna collected in the summer may
be more reliant on algae and less on the other available carbon sources (e.g., mangrove
detritus) resulting in lower SEA. and CR values and less SEA overlap with the other zones
compared to the winter sampling (Figure 7, Tables 5 and 6). While mangrove trees and
detritus were sparsely present in the dead zone, micro- and macroalgae may have been
more consistently available relative to the other zones. Persistent high niche space occupied
by the dead zone community suggests that the isotopic drivers of these communities may
be less driven by season. Likewise, similarities in SEA size, position of the centroid, and
high SEA overlap between transitional and full canopy zones, as well as the consistency
in ellipse shape suggest stabilization in food webs, potentially reflecting similar resource
availability for fauna residing in these zones. However, the composition of taxa residing in
these zones was distinct (Figure 4), which may indicate some degree of trophic redundancy
and functional equivalency in the trophic ecology of these zones.

Trophic succession with the maturing of wetlands, from either recovery following
natural disturbance or direct restoration actions, typically follows the progressive increase
in trophic guilds in concert with (or following some lag period) the increased availability of
basal sources [35,70,71]. While the presence of multiple baseline food resources in mature
mangroves might predict the diversification of energy pathways within a food web (cf. [30]),
when a basal source becomes the dominant resource, as in the mature mangrove forest,
and as algal sources become less prevalent due to increased canopy and shading, the food
web may instead become more simplified (e.g., [30]). In the current study, the reference
zone community metrics demonstrated a narrower range in the carbon and nitrogen
isotope signal, possibly reflecting the simplification of the food web, corresponding to
the dominance of and less variation in the isotopic composition of basal food resources,
including the prevalence of mangrove-derived organic matter and less inclusion of macro-
and microalgae basal sources. While SEA. and SEA}, had consistent sizes between the
time points, the reference zone demonstrated higher CR values and lower NR values in
winter, which may reflect increased availability in baseline resources present (CR) and
an overall reduction in the number of trophic levels and /or diversity of nitrogen sources
in the wintertime (lower NR). In contrast, fewer carbon sources may be available in the
summertime (lower CR), but more trophic levels and/or higher variation in the nitrogen
isotopic composition are present, as indicated by the higher NR values. The increase
in MNND values from winter to summer may indicate that summer communities were
composed of more trophic complexity (inferred from higher MNND values). These results
highlight the value of including appropriate reference sites in restoration studies given
temporal changes were evident across isotope metrics (e.g., CR, NR, and MNND) and
across zones. Future work that includes additional replicate reference sites and full canopy
areas in proximity to restored mangroves could help to improve the ability to capture
variation in time and space and minimize risk due to natural disturbance (e.g., hurricanes).
This approach allows a decoupling of natural variation from changes in restored sites due
to recovery or further decline.

Many factors influence isotopic dispersion and resulting zonation patterns in community-
wide trophic metrics (e.g., [32]). These include variations in the isotope values of potential
food resources, compositional changes in the consumers, and variations in their resource
use (in both space and time) [30,35]. In the case of RBNERR, are all of these germane to
this system? The abiotic environment within discrete habitats can directly or indirectly
influence the primary producer’s isotopic composition, which is then transferred up the
food chain. For example, the fiddler crab, Minuca rapax, was present in nearly all the zones
for both the time points. Its §'>C composition (Supplemental Table S4) decreased from
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dead to full canopy to reference zones (when present), potentially reflecting the shifting
baseline isotopic composition of its primary food resources, likely detrital and algal pools.
Similarly, this pattern was reported in the isotopic composition of grazing L. angulifera, with
§13C values decreasing as the mangrove canopy increased. These isotopic patterns indicate
changing §'3C values of food resources [72]. Controls on BMA include light availability,
temperature, and salinity, all of which structure microalgal communities and influence
their photosynthetic rates and can directly impact their isotopic composition (e.g., [70]).
Given the fauna analyzed in this study do not move over large areas, their feeding habits
are spatially restricted, and thus their isotopic composition is linked to the physical and
chemical conditions of their habitat, rather than shifting resource use over time. Hence,
community metrics derived in this study reflect the localized feeding of fauna, consistent
with spatially restricted trophic processes.

Consumer isotope values and community-wide metrics could reflect species-specific
habitat affinity, given that infaunal and epifaunal communities differed by zone (Figure 4).
In other words, if community structure is correlated to function, we could assume that the
trophic function would be zone-specific because different communities were present in each
zone [35]. However, there were only three taxa analyzed from the reference zone that were
not included in the other zones at the taxonomic level identified. Given consistent taxa were
analyzed for isotopes across zones in this study, different community compositions by zone
(Figure 4) do not explain the isotopic niche separation among zones, nor necessarily equate
to altered functionality of the overall system. By tracking the stable isotopic composition
in specific consumer groups and the overall community with time, we can evaluate the
relative importance certain taxa may play in shaping general trophic structure, whether in
a degraded mangrove system or following wetland restoration.

As degraded mangroves recover, as observed in early successional wetlands, the
macroinvertebrate food web is fueled by a “green” or algivore-dominated food web
(cf. [23,35]), with BMA and cyanobacteria providing the primary baseline food resource.
As different plants colonize and zonation develops, the successional sequence within the
food web shifts from mostly microalgivore insect larvae grazing on algae at the sediment
surface to detritivores (e.g., Oligochaeta) feeding at the sub-surface [73]. Tracking this
successional sequence from green (grazers) to brown (decomposer-based) food webs is
relatively cost-effective through traditional ecological sampling coupled with stable iso-
tope analysis, as exemplified in this study. Monitoring the differing balance of green and
brown consumer pathways provides a mechanism to track recovery trajectories in restored
wetlands [35], including mangrove ecosystems. Specifically, measuring a subset of fauna
from restored and reference mangroves on a regular basis (e.g., twice a year as in this
study) to provide baseline metrics, with a supplementary sampling of more taxonomic
groups less frequently (e.g., every 2-5 years), may help capture the short- and long-term
changes in the trophic function of restored mangroves and associated timescales to achieve
functional equivalency.

5. Conclusions

Traditional ecological monitoring techniques coupled with stable isotope community
metrics can be used to track restoration success by measuring the recovery rates of benthic
faunal diversity and trophic functioning. In the current study, epifaunal and infaunal
community composition differed along a degradation gradient, consistent with mangrove
forest structure influencing benthic community patterns. Stable isotopes helped identify
key food resources and dominant trophic groups present at different mangrove successional
stages, providing taxonomic and functional targets for restoration success. We also found
that stable isotopes provide key information on spatial processes in mangrove habitats,
including the ecological residency or connectivity among discrete habitats (zones). Thus,
quantifying benthic community metrics coupled with stable isotopes and niche analysis
support the evaluation of restoration actions by tracking changes in system responses,
providing powerful tools to help understand recovery and resilience in coastal habitats.
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Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/d16110659/s1, Figure S1: Producer stable isotope data and their
corresponding standard ellipse area for each habitat zone; Table S1: Statistical comparisons between
T1 and T2 based on habitat zone; Table S2: Statistical comparisons among habitat zones and between
time points from 2015 collections at Fruit Farm Creek; Table S3: Statistical comparisons among
habitat zones within time points from 2015 collections at Fruit Farm Creek; Table S4: Epifauna and
flora community metrics from quadrats examined during January and August in 2015; Table S5:
Infauna community metrics from 2 cm sediment cores collected during January and August in 2015;
Table S6: Summarized §13C, 515N and C:N data for fauna, flora and POM collected in 2015 from Fruit
Farm Creek.
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