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OPEN Evaluating the role of the

understory mangrove fern
Acrostichum aureum in mangrove
sediment organic matter and
carbon dynamics

Michael Kyei Agyekum(312"1 & José M. Riascos>*®

Understory plants have long been considered rare in mangrove forests, leaving their ecological roles
poorly understood. This limits our understanding of how below-canopy vegetation contributes to
sediment carbon cycling and benthic habitat dynamics in mangrove ecosystems. We examined the
widespread mangrove fern Acrostichum aureum in a neotropical mangrove system to test whether
fern-derived organic matter influences sediment properties and benthic macrofaunal assemblages.

We established a litter-manipulation experiment (fern litter exclusion, control, procedural control, and
mangrove-litter plots) in Bahia Malaga, Colombia. Sediments were sampled in October 2016 and March
2017 for pH, total dissolved solids, carbon:nitrogen ratio, organic matter content, and organic carbon,
while macrofauna (crabs, molluscs, and polychaetes) were sampled after five months of manipulation.
Macrofaunal species composition did not differ significantly among stations or treatments, whereas
multivariate sediment characteristics differed significantly among treatments. Organic matter showed
a treatment-dependent temporal response, increasing in plots receiving litter inputs and remaining
lower in fern-litter exclusion plots by March. In contrast, organic carbon and other sediment variables
showed no significant treatment effects over the experimental period. Overall, fern-litter exclusion was
associated with reduced maintenance of sediment organic matter but did not restructure macrofaunal
assemblages over five months, indicating that longer timescales or broader environmental gradients
may be required for detectable faunal responses to changes in understory-derived litter. Together,
these findings highlight the contribution of mangrove understory vegetation to sediment organic
matter dynamics and the importance of longer-term perspectives when evaluating faunal responses to
understory change.

Keywords Mangrove fern, Organic matter, Organic carbon, Macrofauna, Sediment biogeochemistry,
Detritivores

In forest ecology, the understory comprises shade-tolerant plants, epiphytes, vines, herbs, and shrubs that
complete their life cycle beneath the tree canopy!. Since Janzen's classical observation of the virtual lack of an
understory in mangroves?, ecologists have often treated this as a defining feature of these systems, with several
hypotheses proposed to explain the scarcity of shrubs, vines, and herbs®. Yet understory plants do occur in
high-precipitation mangrove regions, where vines, herbs, ferns, and palms can be abundant along the landward
fringe®=. This long-standing view of mangroves as understory-deficient has likely contributed to the limited
investigation of understory vegetation and its role in ecosystem functioning.

The mangrove fern Acrostichum aureum L. is a widespread understory species found across tropical and
subtropical regions in both the Indo-West Pacific and Atlantic-East Pacific provinces®’. It typically occupies
high-intertidal habitats on the landward side of mangroves, where shading and salinity are relatively low®. In
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Colombia, along both Pacific and Caribbean coasts, Acrostichum aureum forms a conspicuous component of
mangrove vegetation, often colonising canopy gaps and back-mangrove zones. Its distribution is closely linked to
sediment characteristics such as grain size and salinity gradients™!°. Despite its abundance, the extent to which
this fern influences sediment properties through litterfall, decomposition, and organic matter inputs remains
poorly understood. Studies from Southeast Asian mangroves indicate that Acrostichum aureum litter can differ
from mangrove tree litter in decomposition dynamics and litter quality, reflecting species-specific controls on
organic matter turnover'12. This suggests that understory-derived litter may follow distinct decomposition
pathways and contribute differently to sediment carbon and nutrient dynamics. However, comparable field-
based manipulations in neotropical mangrove systems, particularly those isolating understory litter inputs,
remain scarce.

Environmental gradients in mangroves, driven by hydroperiod, tidal inundation, and freshwater inputs,
shape forest composition and sediment conditions by regulating salinity, pH, redox potential, oxygen availability,
and sediment texture®®. Within these gradients, Acrostichum aureum occurs in zones where it reflects prevailing
environmental conditions but may also contribute to local sediment processes through litter inputs and biomass
accumulation'®. However, empirical evidence for its role in sediment organic matter dynamics and associated
biogeochemical processes in neotropical mangroves is still scarce.

Mangrove vegetation and sediment characteristics also regulate the distribution and composition of benthic
macrofauna, which are typically dominated by crustaceans, molluscs, and polychaetes!*>-!. These organisms play
key roles in nutrient cycling through bioturbation, burrowing, and detrital processing!®!”. While the influence
of mangrove tree species, hydrology, and canopy structure on macrofaunal assemblages has been widely
studied'®", the contribution of understory vegetation has received comparatively little attention. Understory
plants such as Acrostichum aureum may influence macrofauna indirectly by modifying sediment organic matter
availability and directly by providing structural habitat and detrital resources.

Plant litter inputs represent a key pathway through which vegetation influences sediment biogeochemistry
and benthic habitat conditions?*?!. Through decomposition, leaching, and microbial processing, litter regulates
the quantity and quality of organic matter in mangrove sediments®, thereby influencing nutrient availability and
the resources accessible to benthic organisms through detrital pathways and faunal processing?.

In this study, we investigated the role of Acrostichum aureum in shaping sediment properties and benthic
macrofaunal assemblages in a neotropical mangrove system in Bahfa Malaga, Colombia (Fig. 1). Despite its
widespread occurrence, the contribution of this mangrove fern to sediment carbon dynamics and associated
ecological processes remains poorly quantified, limiting our understanding of how mangrove carbon cycling
and benthic habitat conditions are influenced beyond canopy-derived inputs. To examine how these litter-driven
processes are reflected in sediments, we focused on properties that capture organic matter dynamics and broader
habitat conditions, including organic matter content and organic carbon as measures of bulk carbon pools, the
carbon-to-nitrogen (C:N) ratio as an indicator of organic matter quality and decomposition potential, sediment
pH as a control on nutrient speciation and microbial activity, and total dissolved solids (TDS) as a proxy for
salinity-related ionic conditions that constrain both geochemical processes and macrofaunal tolerance?>~%%. We
therefore tested whether the presence or absence of fern-derived litter influences (1) sediment organic matter
and organic carbon dynamics, and (2) the composition and abundance of benthic macrofaunal communities.
We hypothesised that plots receiving fern litter would show greater organic matter accumulation than litter-
exclusion plots, and that any resulting changes in sediment conditions could be reflected in macrofaunal
assemblages.

Results

Fern distribution across the salinity gradient

Acrostichum aureum showed a distinct spatial pattern along the estuarine gradient. Percent cover differed
among the seven stations, with high cover in stations 2-4 and complete absence of the fern in stations 5-7
(Fig. 2). Stations with high fern cover corresponded to sites differing in inundation regime, creek proximity, and
freshwater influence, whereas the most seaward stations lacked Acrostichum aureum.

Salinity varied along the estuary and covaried with fern distribution. Mean salinity at both low and high
tide increased from the inner stations towards the outer bay, with stations 5-7 exhibiting higher salinities than
stations 1-4 (Fig. 3). The stations selected for the experiment (2-4) therefore combined relatively low salinity
with high fern cover.

Sediment characteristics (pH, OM, C:N, TDS, and OrgC)

Multivariate patterns

Multivariate differences in sediment properties were assessed using permutational multivariate analysis of
variance (PERMANOVA) based on Bray-Curtis dissimilarities. No significant differences were detected among
stations (Pseudo-F=0.68, P =0.74) or for the station x treatment interaction (Pseudo-F=0.69, P=0.88), whereas
the main effect of treatment was significant (Pseudo-F=3.17, P <0.001; Table 1). Pairwise comparisons were
conducted using permutation-based tests within the PERMANOVA framework and indicated that fern litter
exclusion differed from the procedural control, control, and mangrove litter treatments. No difference was
detected between procedural control and control, whereas a difference was detected between mangrove litter
and control (P=0.04; Table 1).

Principal component analysis (PCA) of temporal changes in sediment properties explained 56% of the total
variance in the first two components. PC1 accounted for 32% of the variance and showed strong loadings for
organic matter and organic carbon, whereas PC2 explained 24% and was associated mainly with C:N ratio and
organic carbon. Fern litter exclusion plots were separated from the other treatments along PC1 (Fig. 4).
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Fig. 1. Map of the study area and sampling stations in Bahia Mélaga, Colombia. The map shows the location
of Bahfa Malaga on the tropical eastern Pacific coast of Colombia and the distribution of the mangrove forest
where the experiment was conducted, with the positions of sampling stations along the estuarine gradient. Blue
dots indicate sampling stations where Acrostichum aureum was present, and red dots indicate stations where
the fern was absent. The map was produced in QGIS version 3.38.3 (QGIS Development Team; see https://ww
w.qgis.org) using Colombia administrative boundary data from the Common Operational Datasets (COD-AB)
published on the Humanitarian Data Exchange (https://data.humdata.org/dataset/cod-ab-col).

Organic matter and organic carbon

The dynamics of organic matter (OM) showed a significant Treatmentx Time interaction (x*=30.24, df=3,
p=1.23x10"°) and a strong effect of Time ()(2 =40.99,df=1,p=1.53x% 1071°), while the main effect of Treatment
was not significant (x>=7.04, df=3, p=0.071). From October to March, OM increased in the plots receiving
litter inputs, with mean changes of +4.15 percentage points in the Control,+4.87 in the Procedural control,
and +3.02 in the Mangrove litter-plots (all Tukey-adjusted p <0.0005; Table S1; Fig. 5a). Fern litter exclusion
showed no significant temporal change (- 1.17 percentage points; p =0.183; Table S1). By March, OM was lower
in the fern litter exclusion treatment than in the Control, Procedural control, and Mangrove litter treatments
(Table S2), whereas no treatment differences were detected in October (all p>0.599; Table S2).

Organic carbon (OrgC) showed directional temporal changes consistent with OM, but these changes were
small (Fig. 5b). Log-transformed (OrgC) showed no significant effects of Treatment, Time, or their interaction
(Treatment: x*=0.96, df=3, p=0.811; Time: x*=0.01, df=1, p=0.924; Treatmentx Time: x*=4.20, df=3,
p=0.241). Changes between October and March were small and not statistically significant across all treatments
(all within-treatment contrasts p >0.081; Table S1). Pairwise treatment comparisons within each sampling time
were also not significant (all p>0.422; Table S2).

C:N ratio

The C:N ratio showed a significant Treatment x Time interaction (X2:8.41, df=3, p=0.038), while the main
effects of Treatment (X2 =6.31, df=3, p=0.097) and Time (X2 =2.05, df=1, p=0.152) were not significant.
Temporal changes varied among treatments, with a decline in the Mangrove litter treatment contributing to the
interaction (p=0.0093; Table S1; Fig. 5¢). No treatment differences were detected in March (all p>0.997; Table
S2).
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Fig. 2. Percentage cover of the mangrove fern Acrostichum aureum at the seven sampling stations in Bahia
Malaga. The error bars represent standard errors. The bars represent the mean percentage cover from stations
1to 4.

Total dissolved solids (TDS)

Log-transformed total dissolved solids (TDS) showed a strong effect of Time (x*=212.74, df=1, p<2x1071°),
with no significant effects of Treatment or interaction (both p>0.99). TDS increased consistently across all
treatments from October to March (Table S1; Fig. 5d).

Sediment pH

Sediment pH showed a small but significant effect of Time (x*=4.81, df=1, p=0.028), with no significant
Treatment or interaction effects. Changes in pH were minor across treatments (Fig. 5e), and no significant
pairwise differences were detected (Table S1, S2).

Macrofauna species composition
Across all treatments and stations, 15 benthic macrofaunal taxa were recorded, including 8 crustacean species,
4 gastropods, 2 bivalves, and 1 polychaete family (Spionidae). The most abundant taxa were Eurypanopeus
transversus, Sesarma sulcatum, and Pitar sp., which dominated total abundances across treatments (Table 2).
Multivariate differences in species composition were assessed using ANOSIM. No significant differences were
detected among stations (Global R= —0.028, P=0.773) or among treatments (Global R= —0.081, P=0.994).
The non-metric multidimensional scaling (MDS) ordination showed strong overlap among samples from
different stations and treatments, with very low stress (stress=0.01), indicating a reliable representation of the
multivariate structure (Fig. 6).

Discussion

Fern distribution and environmental gradients

In contrast to the long-standing view that understory components in mangrove forests are negligible, our results

indicate that Acrostichum aureum can contribute to sediment carbon dynamics over seasonal timescales.
Acrostichum aureum exhibited a clear spatial structure, occurring in less saline areas, which is consistent with

previous studies showing that osmotic tolerance is a key determinant of its distribution in mangrove forests®%.

In these areas, fern cover ranged between 10 and 40% of total vegetation, and previous work has shown that
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Fig. 3. Salinity at low and high tide across the seven stations in October 2016. Symbols (squares for low tide,
triangles for high tide) show mean salinity values; error bars indicate standard errors.

Factors Df | MS Pseudo F | P(perm)
Stations 2 3.19 | 0.68 0.74
Treatments 3 14.81 |3.17 <0.001
Stations x Treatments 6 0.69 |0.69 0.88
Residual 45 4.67

Treatment groups T P(perm)
Fern litter exclusion vs. Procedural control | 2.36 <0.001
Fern litter exclusion vs. Mangrove litter 1.93 <0.001
Fern litter exclusion vs. Control 2.09 0.002
Procedural control vs. Mangrove litter 0.94 0.37
Procedural control vs. Control 1.60 0.51
Mangrove litter vs. Control 1.15 0.04

Table 1. PERMANOVA results for differences in multivariate sediment characteristics among stations and
treatments, and pairwise tests among treatments.

Acrostichum aureum can represent a substantial understory component in mangrove systems3°*31. This supports
the view that the species can contribute meaningfully to vegetation structure in certain mangrove settings.

Sediment organic matter and carbon dynamics
The temporal trajectories of sediment organic matter (OM) indicate an influence of fern litter inputs on the
sediment carbon pool. A significant Treatment x Time interaction was detected for OM, and by March the
fern-litter exclusion plots had lower OM than the control, procedural control, and mangrove-litter treatments.
Plots receiving litter inputs showed increases in OM over time, whereas fern-litter exclusion plots did not
exhibit a significant temporal change. This pattern indicates that plots receiving fern litter inputs maintained or
accumulated organic matter relative to exclusion plots. This is consistent with the interpretation that continued
litter deposition contributes to the short-term maintenance of surface sediment organic matter. Regardless of
the exact decomposition rate of fern litter, its continuous input may offset part of the seasonal loss of sediment
carbon in plots where it is present!!3233,

Organic carbon exhibited directional changes consistent with organic matter across treatments, with decreases
under fern litter exclusion and slight increases where litter inputs were maintained. However, these changes were
small and not statistically significant, indicating a comparatively muted response of sediment carbon relative
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Fig. 4. Principal component analysis (PCA) of temporal changes in sediment pH, OrgC, OM, TDS, and

C:N over the five-month experimental period. The first two components together explained 56% of the total
variance (PCl1: 32%, PC2: 24%). Orange circles represent fern litter exclusion, blue triangles represent control,
green squares represent procedural control, and violet circles represent mangrove litter.

to bulk organic matter. This pattern suggests a coupled but dampened response, whereby increases in organic
inputs are reflected in total organic matter accumulation but translate only weakly into measurable gains in
sediment carbon. Such decoupling is consistent with the idea that loss-on-ignition integrates a broader suite of
organic constituents, including labile compounds and non-carbon elements, whereas organic carbon reflects the
carbon fraction that is retained after rapid microbial processing?!.

In tidally influenced mangrove sediments, high rates of microbial decomposition and frequent inundation
can promote efficient turnover of newly deposited litter, leading to simultaneous inputs and losses of carbon
through respiration and export of dissolved or particulate forms?*»?!. Under these conditions, increases in
organic matter may partly reflect the accumulation of transient or non-carbon-rich material, or shifts in organic
matter composition, rather than net carbon storage. The relatively small magnitude of change in organic carbon
further suggests that the sediment carbon pool may be near steady state over the timescale of the experiment,
with inputs largely balanced by mineralisation and hydrodynamic removal processes. Similar patterns have
been reported in other mangrove systems, where substantial litter inputs do not necessarily translate into short-
term increases in sediment carbon stocks due to rapid cycling and export pathways**>. Together, these results
indicate that while fern litter influences the accumulation of bulk organic material, its effect on sediment carbon
storage is limited over seasonal timescales, highlighting the importance of considering both total organic matter
and carbon-specific measures when evaluating biogeochemical responses in dynamic coastal systems.

The comparable OM and OrgC values observed in natural control and mangrove-litter plots should
be interpreted in light of differences in vegetation structure. Natural control plots received litter from both
Acrostichum aureum and mangrove trees, but fern dominance reduced available space and canopy cover for
mangrove trees. Therefore, the similarity between these treatments suggests that fern-derived litter may
compensate for reduced mangrove litter inputs, maintaining sediment organic matter and carbon pools at levels
comparable to mangrove-dominated areas. This supports the view that Acrostichum litter is a non-negligible
contributor to sediment organic inputs, even though its effect on measurable organic carbon accumulation was
modest and not statistically significant over the five-month experiment.
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Fig. 5. Changes in (a) organic matter content (b) organic carbon (c) C:N ratio (d) total dissolved solids (e) pH
between March 2017 and October 2016 for each treatment (fern litter exclusion, control, procedural control,
and mangrove litter). The values above the graph correspond to mean change (A). Bars show mean values and
error bars indicate standard errors.

Nerita funculata (Menke, 1851) 0.0 0.2 0.0 0.2
Cerithidea mazatlanica (Carpenter, 1857) 0.0 0.2 0.0 0.0
Cerithidea pulchra (Adams, 1852) 0.2 0.0 0.0 0.2
Melampus castaneus (Megerle von Miihfeld, 1818) | 0.2 0.2 0.0 0.0
Bivalves

Pitar consanguineus (Adams, 1852) 0.2 0.0 0.0 0.0
Pitar sp. 0.4 0.6 0.4 0.8
Crustaceans

Sesarma sulcatum (Smith, 1870) 1.6 0.6 0.4 0.0
Eurypanopeus transversus (Stimpson, 1860) 0.8 1.0 0.6 0.2
Uca sp. 0.4 0.4 0.2 0.2
Petruca panamensis (Stimpson, 1859) 0.0 0.6 0.4 0.2
Aratus pacificus (Thiercelin & Schubart, 2014) 0.0 0.2 0.0 0.2
Cardisoma crassum (Smith, 1870) 0.0 0.2 0.0 0.0
Panopeus sp. 0.0 0.2 0.4 0.0
Pinnotheridae 0.4 0.0 0.0 0.0
Polychaete

Spionidae 02 04 oo 0.0

Table 2. Mean abundance (ind. m™2) of benthic macrofaunal taxa in each experimental treatment (fern litter
exclusion, control, procedural control, and mangrove litter).

Other sediment properties (C:N, TDS, pH)

The other sediment variables showed weaker or largely treatment-independent responses. The C:N ratio
displayed only a modest Treatment x Time interaction, mainly driven by a decline in C:N in the mangrove-litter
treatment, while changes in the fern-litter exclusion plots were small. This suggests that litter inputs influenced
the quantity of organic matter more than its bulk stoichiometry over the duration of the study. Accordingly,
fern litter decomposition primarily increased labile organic material available in surface sediments, without
producing large shifts in nutrient stoichiometry or pore-water chemistry over the timescale of the experiment.
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Fig. 6. Non-metric multidimensional scaling (MDS) ordination of macrofaunal assemblage composition
among (a) stations and (b) treatments. In panel (a), Station 2 is represented by pink circle, Station 3 by inverted
brown triangles, and Station 4 by yellow squares. In panel (b), orange circles represent fern litter exclusion,
inverted blue triangles represent control, green squares represent procedural control, and violet circles
represent mangrove litter.

Total dissolved solids (TDS) increased uniformly from October to March across all treatments, indicating a
strong background temporal shift in pore-water or surface-water conditions*. Sediment pH varied only slightly
and did not differ among treatments, suggesting limited influence of fern-derived litter on sediment acidity
within the experimental timeframe.

Overall, the sediment results indicate that fern-litter exclusion is associated with reduced maintenance of
surface sediment OM, while effects on C:N ratio, TDS, pH, and measured OrgC are comparatively small or not
statistically detectable. These findings are consistent with a role for Acrostichum aureum as a steady contributor
to surface organic matter in fern-rich mangrove stands, while broader geochemical changes were not evident
over the seasonal timescale examined?3>36-40,

Hydrological conditions in Bahfa Malaga—semi-diurnal tides, high precipitation, and frequent inundation®—
likely influenced these patterns by enhancing leaching and fragmentation of litter*!. Such processes can facilitate
the rapid transfer of dissolved and fine particulate organic material into surface sediments, stimulating microbial
processing and contributing to increases in OM without producing immediate changes in measured OrgC. This
interpretation aligns with broader work showing that hydrological setting and litter inputs jointly influence
sediment carbon dynamics in mangroves®®*. Although tidal inundation likely allowed some lateral transport
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of organic material beneath the mesh structures, the lower organic matter observed in fern-litter exclusion plots
relative to litter-receiving treatments indicates that net litter inputs differed among treatments at the plot scale.
This suggests that, despite partial exchange, the manipulation was sufficient to generate detectable differences in
sediment organic matter dynamics.

Macrofaunal assemblages

Several studies have shown that detritus derived from litter decomposition can influence macrobenthic
community structure in mangrove systems*>~*%. In the present study, however, no detectable changes in
macrofaunal assemblage composition were observed following fern-litter manipulation. This result is best
interpreted in the context of spatial and temporal scale rather than as evidence of no effect.

Dominant taxa (Sesarma sulcatum, Eurypanopeus transversus, Pitar spp.) are mobile and generalist
detritivores capable of exploiting diverse resources, including microbial biofilms, mangrove litter, and below-
ground production'®!”. Such flexibility may buffer these organisms against moderate changes in sediment
organic matter. Moreover, macrofaunal distributions in mangroves are strongly influenced by salinity
gradients, inundation regimes, and sediment redox conditions**~*’, which were not directly altered by the litter
manipulation.

The absence of a detectable macrofaunal response should therefore be interpreted as a limitation of the
spatial and temporal scale of the experiment. This limitation reflects an inherent trade-oft in our design between
logistical feasibility and the spatial extent required to elicit community-level responses, and should be considered
when interpreting the macrofaunal results. The 1 m? plots and five-month duration may not have been sufficient
to generate environmental changes large enough to restructure mobile benthic assemblages. Responses may
require larger spatial scales, longer timeframes, or stronger shifts in sediment conditions to become detectable.

Temporal scale further constrains our inference. Five months is sufficient to capture initial leaching and early
incorporation of litter-derived material, but not longer-term processes such as burial, stabilisation, or multi-
generational faunal responses. Benthic assemblages often vary interannually, and community-level responses
can lag behind changes in sediment conditions. Our experiment therefore likely represents an early phase in
which sediment processes respond before macrofaunal patterns become detectable.

Limitations and implications
Several limitations of this study should be acknowledged. It was conducted in a single estuary and at three
stations, so extrapolation to other geomorphological settings, climates, or fern densities should be made carefully.

In addition, the experiment focused exclusively on Acrostichum aureum as the dominant understory
component. Mangrove forests in other regions often support more diverse understory vegetation or mixed litter
inputs with differing chemical composition and decomposition dynamics. The extent to which the patterns
observed here apply to more complex understory assemblages therefore remains uncertain.

Sampling targeted only the upper 5 cm of sediment and did not include below-ground inputs (roots,
rhizomes, exudates)*’40484° The spatial scale and sampling approach may also have limited the detection of
responses by rare, mobile, or deep-burrowing taxa. Finally, the experiment did not explicitly quantify processes
such as microbial activity or bioturbation, which may mediate responses to litter inputs>®1”.

Despite these constraints, the experiment provides direct evidence that Acrostichum aureum contributes to
short-term changes in surface sediment organic matter in a neotropical mangrove system, and that its influence
can be distinguished from that of the tree canopy®*>!. These findings highlight understory vegetation as a
relevant, though often overlooked, component of mangrove carbon dynamics. The apparent decoupling between
sediment responses and macrofaunal patterns further suggests that changes in carbon pools may precede
detectable shifts in benthic assemblages.

Future studies should extend similar manipulations over longer time periods and across multiple estuaries
to test whether the modest sediment effects observed here accumulate into larger differences in carbon stocks.
Experiments along gradients of fern density, combined with tracers or biomarkers, could help track the
incorporation of fern-derived material into sediments and food webs. Integrating microbial, biogeochemical,
and functional trait approaches would further clarify the mechanisms linking understory inputs to ecosystem
functioning!7:>2,

Conclusion

In conclusion, this study shows that Acrostichum aureum contributes to short-term dynamics of surface sediment
organic matter in a neotropical mangrove system, while effects on measured organic carbon and macrofaunal
assemblages were not statistically detectable over the five-month period. The results suggest that understory-
derived litter can support the maintenance of sediment organic matter, but that detectable changes in carbon
stocks and benthic community structure may require longer timescales, larger spatial scales, or stronger
environmental gradients. These findings highlight the need to consider understory vegetation as a component of
mangrove carbon cycling, while also emphasising that its influence is likely context-dependent and may not be
captured by short-term experiments alone.

Methods

Study area

The study was conducted in mangrove forests of the Uramba-Bahia Malaga National Park, on the tropical eastern
Pacific coast of Colombia (Fig. 1). Uramba-Bahia Malaga is a marine protected area encompassing a tectonic
estuary with extensive mangrove stands, soft-sediment mud and sand flats, cliffs and rocky shores>. Mean water
depth in the bay is approximately 13 m, with maxima of 40 m. Tides are semidiurnal with a range of 1-4 m*.
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Fern litter
exclusion Control
Procedural
control Mangrove litter
Fig. 7. Experimental treatments established at each sampling station. Plots (1 m?) were spaced at least 5 m
apart. The four columns represent, from left to right, the fern litter exclusion, control, procedural control, and
mangrove litter treatments.
Treatment Description Litter input Mesh structure | Purpose
Fern litter exclusion | Fern litter removed; mesh net installed Mangrove litter only | Present Isolate the effect of excluding fern litter
Control Intact plots beneath Acrostichum aureum stands | Fern + mangrove Absent Baseline condition
Procedural control | Mesh net installed; all litter returned Fern + mangrove Present Control for potential mesh (structure) effects
Mangrove litter Plots without Acrostichum aureum Mangrove litter only | Absent Habitat reference (no fern; canopy litter only)

Table 3. Summary of experimental treatments used in the litter-manipulation experiment. Descriptions of
treatment types, litter inputs, mesh structures, and their intended role in isolating the effects of fern-derived
litter on sediment properties and benthic macrofaunal assemblages.

Water temperature typically ranges from 25 to 30 °C, and salinity varies from 19 to 28 at the bay mouth to
1-10 near freshwater inflows. The region receives among the highest annual rainfall in the western hemisphere
(7000-11,000 mm yr)*® and is strongly influenced by the Intertropical Convergence Zone, producing two main
rainy seasons (April-June and September-November).

Field sampling and experimental design

In October 2016, a pilot survey assessed the distribution of the mangrove fern Acrostichum aureum at seven
stations located along a salinity gradient within one estuarine branch (Fig. 1). At each station, a transect was
established perpendicular to the creek from the seaward margin towards the landward boundary. Five 1 m?
quadrats were positioned at variable locations along each transect to capture local variation in fern cover, and
percent fern cover was estimated using Braun-Blanquet cover classes™.

Stations dominated by Rhizophora spp. typically contained high fern abundance, whereas stations lacking
ferns were characterised by mixed stands of Rhizophora spp., Avicennia germinans, Mora oleifera, and Pelliciera
rhizophorae. Three stations (2-4), representing sites with high fern cover that differed in inundation regime,
creek proximity, and freshwater influence, were selected for the litter-manipulation experiment. Fronds of
Acrostichum aureum arise from rhizomes at or just below the sediment surface, and senescing material may
accumulate around the plant base and decompose gradually, which could influence how litter interacts with the
mesh structures.

Within each station, four treatments (Fig. 7; Table 3) were established in 1 m? plots: (1) “fern litter exclusion”,
in which all surface fern litter was removed and a 1 cmx 1 cm mesh net was suspended approximately 0.2 m
above the sediment to prevent further fern litter input while allowing tidal flow, sediment exchange, and light
penetration; mangrove leaf litter was manually returned to the plot surface beneath the mesh while fern litter was
consistently removed during monthly plot inspections; (2) “control’, consisting of intact plots located directly

Scientific Reports |

(2026) 16:20982 | https://doi.org/10.1038/s41598-026-60454-5 nature portfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

beneath naturally occurring Acrostichum aureum stands without net installation or litter manipulation; (3)
“procedural control’, with an identical mesh structure as that in the first treatment installed but all litter (fern
and mangrove) returned to control for potential installation effects associated with the mesh structure; and (4)
“mangrove litter”, consisting of plots established in mangrove areas where Acrostichum aureum was naturally
absent, representing a habitat reference rather than an active litter-removal treatment. Plot placement within
stations was constrained by vegetation structure and accessibility and was therefore not fully randomised (see
Fig. 7 layout). Plots were inspected monthly throughout the experiment, and the netting was cleared of trapped
debris during inspections to minimise shading and interference with local hydrodynamic conditions. Debris was
removed from the mesh and discarded outside the plots and was not quantified by source. Plots were inundated
on a semidiurnal tidal cycle, typically twice daily, resulting in frequent submergence of the mesh structures and
potential lateral transport of litter beneath them. This could not be fully prevented and may have influenced litter
inputs and redistribution within plots.

Each treatment was replicated five times per station (total n=60 plots), and plots were spaced at least 5 m
apart to minimise spatial interference. Because plots were nested within stations along the salinity gradient,
the station was included as a spatial blocking factor in all subsequent analyses. Sediment cores were collected
at low tide using a 2.5 cm diameter syringe to a depth of 5 cm at the start of the experiment (October 2016)
and after five months (March 2017). October corresponds to the end of the relatively drier period in Bahia
Mélaga, whereas the following months are characterised by increased rainfall and freshwater input, which in
many tropical mangrove systems coincide with higher litterfall and enhanced delivery of litter to the forest floor.
Installing plots in October and resampling in March therefore allowed us to span a marked seasonal transition in
hydroclimatic conditions and cumulative litter inputs, maximizing the likelihood of detecting treatment-related
changes in sediment properties over a manageable experimental duration. Five cores were collected per plot
and pooled to form one composite sample for laboratory analyses at each sampling time. Salinity of porewater
(interstitial water) in the upper sediment layer was measured in situ using a refractometer.

Macrofauna sampling

Macrofauna (crabs, molluscs, and polychaetes) were quantified during the final month of the experiment using
excavation and hand collection®*>>%. Dense debris and frequent inundation precluded visual or trap-based
approaches. Each 1 m? plot was excavated within its boundaries for 5 min to an approximate depth of 10-15 cm,
and excavated sediments were washed through a 1 mm mesh sieve®. All organisms were collected, identified, and
counted. Species-level abundances were recorded. Individuals were identified to the lowest practical taxonomic
level (typically species for crabs and molluscs and family level for polychaetes). This time-standardised approach
provided comparable sampling effort across plots, although it may under-represent highly mobile or deep-

burrowing taxa!’.

Organic matter (OM)

Organic matter content was estimated using the loss-on-ignition (LOI) method following Nelson and Sommers*S.
Approximately 2 g of dried sediment was placed in a crucible and combusted at 550 °C for 6 h in a muffle
furnace®’. Samples were then cooled in a desiccator and reweighed to obtain ash weight®. Organic matter (OM)
was calculated as:

_ Dryweight (g) — Ashweight (g)

M
0 Dryweight (g)

x 100%

where “dry weight” is the mass of the dried sediment and “ash weight” is the mass of the combusted sediment.

Total dissolved solids (TDS) and pH

Dried sediment samples were mixed with distilled water at a 1:5 sediment-to-water ratio in a beaker. The
suspension was shaken for 30 min using a mechanical shaker and then allowed to settle for 1 hour®®%”. Electrical
conductivity and pH were measured in the clear supernatant using a WI'W conductivity probe (TetraCon 925)
and a WTW pH sensor (Tix980)>”%. Electrical conductivity (uS cm™) was converted to total dissolved solids

(mg L) following established conversion procedures’.

Carbon: Nitrogen ratio and organic carbon
Sediment samples were oven-dried at 65 °C for 72 h, gently disaggregated, ground to a fine powder, and
homogenised. Subsamples were weighed into pre-cleaned silver capsules, acidified with 200 pL of 1 M HCI to
remove inorganic carbon, and dried at 60 °C to constant mass.

Total organic carbon (OrgC) and total nitrogen (N) were then determined simultaneously by dry combustion
using an elemental analyser (Euro EA 3000). OrgC and N were expressed as percentages of dry sediment mass,
and C:N ratios were calculated from these measurements.

Statistical analysis

We first tested treatment effects on multivariate temporal changes in sediment properties using PERMANOVA
on A-values and PCA for visualisation, and then used linear mixed-effects models to quantify univariate
temporal trajectories for individual variables.

Sediment properties were analysed with linear mixed-effects models including Treatment, Time (October
2016 vs March 2017), and their interaction, with Station and SampleID (nested within Station) included as
random intercepts to account for spatial structure and repeated measures. Total dissolved solids (TDS) and
organic carbon (OrgC) were log-transformed prior to analysis to meet model assumptions; organic matter
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(OM), C:N ratio, and pH were analysed on the original scale. Model assumptions were checked using residual
diagnostics and tests of homogeneity of variance, and Treatment and Time effects were evaluated with Type III
Wald ¥? tests and Tukey-adjusted pairwise comparisons.

Macrofaunal counts were square-root transformed prior to analysis to reduce the influence of highly
abundant taxa and improve homogeneity of variance®. Bray-Curtis resemblance matrices were constructed
and community patterns visualised using two-dimensional non-metric multidimensional scaling (MDS).
Differences in macrofaunal assemblage composition among stations and among treatments were tested using
analysis of similarities (ANOSIM) with 9,999 permutations in PRIMER v7.

For temporal patterns, we calculated changes in each sediment variable as AT=T-T, (TI:Mar2017;
T2 =0ct2016) for each plot and used these A values (AOM, ATDS, AC:N, AOrgC) for PCA and PERMANOVA
analyses. All absolute values reported in the text and figures refer to the original measurements from each
sampling date.

Draftsman plots were used to assess collinearity, and variables were standardised where necessary. Principal
component analysis (PCA) was applied for visualisation of multivariate patterns. Treatment effects on
multivariate sediment resemblance matrices were tested using PERMANOVA, with treatment as a fixed factor
and station as a random blocking factor, using 9,999 permutations under a reduced model. Pairwise comparisons
were conducted using permutation-based tests within the PERMANOVA framework following Anderson®!.
Homogeneity of multivariate dispersion was assessed using PERMDISP2. Differences among treatments in
organic matter and organic carbon were further tested using PERMANOVA on Euclidean distance matrices
of temporal change values, again with treatment as a fixed factor and station as a random blocking factor. All
analyses were conducted in PRIMER v7 with PERMANOVA +, and the datasets are publicly available at
Zenodo®.

Data and code availability

The minimum dataset required to reproduce all main results and figures of this study is publicly available at
Zenodo (https://doi.org/10.5281/zenodo.18807835). The code used to fit the mixed-effects models is deposited
in the same Zenodo repository (https://doi.org/10.5281/zenodo.18807835).
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