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ABSTRACT: Estuaries are highly productive habitats that support fisheries production. However,
the importance of mangrove carbon to estuarine consumers can differ considerably among sys-
tems. In this study, we used stable isotopes (8**C, 8!°N) to investigate the importance of mangrove
carbon as an energy source to estuarine consumers in the Atrato River Delta, Colombia, an area
where fringing mangroves dominate the coastline and where other productive coastal habitats
that may otherwise support the food web are absent. Basal resources and consumers were col-
lected from mangrove and nearshore habitats during the rainy season. Results revealed a food
web with a maximum length of 4.6 trophic positions. Bayesian mixing models indicated that most
consumers used a mixture of basal sources, which suggests intertwined energetic pathways.
However, mixing models also indicated that some species relied more heavily on some basal
sources than others and revealed trophic pathways (food chains). Mangrove carbon directly sup-
ported herbivorous crabs (Sesarmidae) and indirectly supported planktivorous fish (Engraulidae)
and piscivorous fish. Mangrove carbon also contributed significantly to the diet of 2 of the most
common fish species in the local artisanal fishery: Centropomus undecimalis (mean: 46 %; credi-
bility interval [CI]: 1-80 %) and C. pectinatus (mean: 33 %; CI: 1-78 %). Our findings highlight that
mangrove carbon can be an important food source in areas without other productive coastal habi-
tats and can play an important role in sustaining the production of fisheries.

KEY WORDS: Colombia - Gulf of Uraba - Atrato River Delta - Carbon - Nitrogen - Stable isotope
analysis - Pathway - MixSIAR

Resale or republication not permitted without written consent of the publisher

1. INTRODUCTION

Much of the research on marine food webs is aimed
at understanding how different pathways of energy
and elements move from the resource base to top
consumers (Bukovinszky et al. 2008). In addition,
food web studies often seek to understand the sour-
ces of nutrition and habitats supporting fisheries pro-
duction (Bouillon et al. 2011). Knowing the structure
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of food webs and the trophic flow of energy provides
insights into how ecosystems function and may help
us predict the resilience of coastal ecosystems to
human disturbance (Gascuel et al. 2008). For exam-
ple, knowing the loss or disturbance of key basal
resources, density or composition of predators or
prey, or food web connectivity may help us to predict
population collapses (Link 2002, Abrantes et al. 2015a).
Although estuarine ecosystems are highly produc-
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tive and may contribute substantially to the recruit-
ment of important marine species, such as certain
commercial fisheries (Blaber 2013), food web studies
that trace the energy sources of the community are
surprisingly scarce. Better knowledge of energy
sources should contribute to the conservation and
restoration of coastal ecosystems (Abrantes et al.
2015a, Qu et al. 2019).

Describing pathways of organic matter in estuar-
ine food webs can be difficult due to a variety of
potential energy sources. For instance, organic mat-
ter can arrive from upstream (i.e. the riverine envi-
ronment) or the downstream oceanic environment
(Bouillon et al. 2011). It can also arise from within
the estuary itself, e.g. seagrass, microalgae, or from
lateral habitats, such as mangroves and salt marshes
(Bouillon et al. 2011). Nevertheless, the use of stable
isotopes in such a setting potentially allows charac-
terization of the origins and movements of organic
and inorganic matter (Peterson & Fry 1987, Bouillon
et al. 2011, Duarte et al. 2018). Stable isotopes, mainly
carbon (**C) and nitrogen (**N), have been useful to
identify the primary sources that support fish pro-
duction in estuarine food webs and to understand
habitat use by diverse fish species in mangrove eco-
systems (Fry & Ewel 2003, Layman 2007, Layman et
al. 2012). For invertebrate consumers, stable isotope
studies have also been instrumental in pointing out
the surprising diversity of food sources and special-
ization in mangrove ecosystems (Bouillon et al
2011).

The mangrove outwelling hypothesis states that
the export of primary production from trees supports
much of the secondary production of estuaries and
nearshore waters (Odum & Heald 1975). However,
the importance of mangrove carbon in estuarine and
near-coastal environments is variable. Some studies
have found that mangrove carbon is important for
both benthic and pelagic consumers (e.g. Abrantes et
al. 2015Db, Lovelock et al. 2015, Medina-Contreras et
al. 2020). This includes shrimp species (Loneragan et
al. 1997, Chong et al. 2001, Abrantes et al. 2015b),
reef fish (Nagelkerken & van der Velde 2004a), estu-
arine fish (Giarrizzo et al. 2011, Zagars et al. 2013,
Abrantes et al. 2015b), crabs (Harada & Lee 2016),
and sessile coral invertebrates (Granek et al. 2009).
In contrast, other studies have found that mangrove
detritus makes little contribution to coastal and
mangrove food webs (e.g. Bouillon et al. 2002, Vaslet
et al. 2015, Santos et al. 2020), with consumers rely-
ing instead on algae (Nyunja et al. 2009), micro-
phytobenthos (Lee 2000), particulate organic matter
(Chanton & Lewis 2002), phytoplankton (Rodelli et

al. 1984), and sea grasses (Loneragan et al. 1997,
Nyunja et al. 2009).

In the Caribbean, isotopic studies have found that
mangrove carbon makes little contribution to the
food web (e.g. Nagelkerken & van der Velde 2004b,
Igulu et al. 2013, Vaslet et al. 2015). However, this
research was undertaken in areas close to other pro-
ductive habitats, such as seagrass beds or coral reefs.
There is evidence that mangroves are likely to play a
much greater trophic role in areas that are remote
from other productive ecosystems, such as the Cié-
naga Grande de Santa Marta, a large swamp area on
the outer delta of the Magdalena River, Colombia
(Mancera 2003). In other parts of the world, a few
studies also have evidence supporting the trophic
importance of mangroves, e.g. northern Brazil (Giar-
rizzo et al. 2011) and northern Australia (Abrantes et
al. 2015b), where high sedimentation excludes other
systems like seagrass beds and coral reefs.

The Atrato River Delta (ARD) is an estuary in the
southern Caribbean Sea (Colombia) that encompasses
extensive fringing mangrove areas (ca. 100 km) (Rias-
cos & Blanco-Libreros 2019) and lacks other highly
productive coastal habitats, such as coral reefs and
seagrasses (Sandoval Londono et al. 2020). Leaf litter
mean mass in ARD mangroves is the highest reported
for Rhizophora mangle-dominated forests worldwide
(Riascos & Blanco-Libreros 2019). The ARD has been
highlighted as an important habitat for sustaining ar-
tisanal fisheries (Correa-Herrera et al. 2016, LOPEGU
2017, Arango-Sanchez et al. 2019). This assertion is
supported by recent research in the southern Carib-
bean Sea which has found a positive correlation be-
tween mangrove area and the catch of 3 common arti-
sanal fish species (Ariopsis canteri, Mugil incilis, and
Sciades proops) (Sandoval Londono et al. 2020). Un-
fortunately, mangroves are threatened by illegal log-
ging (Blanco et al. 2012), ecological information about
estuarine nekton and benthos is limited (but see
Hernandez-Morales et al. 2018, Arenas-Uribe et al.
2019, Sandoval Londono et al. 2020), and a fishery
management plan for the region does not exist. Ac-
cordingly, this study investigated the importance of
mangrove carbon as an energy source for estuarine
consumers. We used stable isotope analysis (8'°C and
8'°N) to (1) describe the food web and the number of
trophic positions (TPs) of the mangrove and near-
shore ecosystem and (2) determine the contribution of
different food sources to the epibenthic invertebrates
and fish communities. We hypothesized that man-
groves are an important food source sustaining estu-
arine consumers, including artisanal fish, in the study
area. Our findings provide insight into the food web of
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the coastal ecosystem and can assist in the protection
of mangrove habitat in the ARD and other similar
systems.

2. MATERIALS AND METHODS
2.1. Study area

The Atrato River delivers the second largest input
of freshwater to the southern Caribbean, specifically
into the western coast of the Uraba Gulf (Fig. 1). The
Gulf is a semi-enclosed body of water (length: 80 km;
width: 6-45 km). Mean air temperature is 27°C, rela-
tive humidity 84.5 %, and monthly precipitation varies
between 40 and 100 mm in the dry season (December—
April), and 200-300 mm in the rainy season (May—No-
vember) (Garcia-Valencia 2007). There is a micro-tidal
regime with a tidal range of <40 cm amplitude. Salinity
varies throughout the year (0.8-35.5) with a counter-in-
tuitive pattern; the lowest salinity values are recorded
during the dry period in response to trade winds in-

creasing residence times of fresh water in the Gulf
(Garcia-Valencia 2007). The ARD includes an extensive
mangrove habitat (approximately 3700 ha), where
fringe forest is the dominant physiographic type of
mangrove, and the red mangrove Rhizophora mangle
(Rhizophoraceae) is the dominant species in more than
80 % of the area, followed by the white mangrove La-
guncularia racemosa (Combretaceae) (Blanco-Libreros
2016). Likewise, the cattail Typha sp. (Typhaceae) oc-
curs in small patches along the fluvial environment in
the distributaries of the delta (Correa-Herrera et al.
2016). An artisanal fishery near the mangroves is prac-
ticed only for local commerce and/or subsistence
(LOPEGU 2017, Sandoval Londono et al. 2020). The
study was undertaken in La Paila Bay (Fig. 1) as a model
of embayments in the ARD since all of them mainly
comprise monospecific stands of R. mangle, and man-
grove isotopic values did not vary among the embay-
ments (authors’ unpubl. data). The bay is shallow
(<5 m) with waters that are poorly wind-mixed, as the
Atrato River plume has a strong stratification around
2m (LOPEGU 2017, Montoya et al. 2017).
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2.2. Sample collection

We aimed to include as many spe-
cies as possible and to have represen-
tatives from the main trophic groups
f in order to allow better identification
of possible trophic pathways within
the food webs. Basal resources and
consumers were collected from man-
grove and nearshore habitats at La
Paila Bay during the rainy season
(September—October) of 2016. Each
biological sample consisted of a pool
of several specimens of the same spe-
cies of about the same length. At least
3 samples of each basal resource (see
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Table 1) and consumer (see Tables 2 &
3) were collected when possible. Sam-
ples of fresh live (green) mangrove
leaves were collected from the domi-
nant species (R. mangle; tall trees with
diameter at breast height of 15-35 cm)
along an approximately 2 km long
section. Epiphytic macroalgae (chloro-
phytes; Rhizoclonium sp.) were sam-
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Fig. 1. Study area at La Paila Bay in the Atrato River Delta of the Gulf
Urabd, Caribbean Sea. The projected coordinate system is MAGNA-SIR-

GAS Colombia Oeste

pled by scraping the roots of R. man-
gle using forceps. Samples of fresh
live (green) macrophyte leaves and
cattail Typha sp. blades were col-
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lected near mangroves along a ca. 0.1 km section.
Unfortunately, as sampling benthic microalgae with-
out sediment and other organic matter contamination
was not possible, the benthic microalgae stable iso-
tope values applied were instead global averages
(see below). Suspended particulate organic matter
(SPOM), a proxy for estuarine phytoplankton, was
sampled using a phytoplankton net (mouth diameter:
35 cm; mesh size: 25 pm) approximately 0.1 km away
from mangroves. Meso-zooplankton samples were
taken using a plankton net (mouth diameter: 35 cm;
mesh size: 300 pm) approximately 0.1 km away from
the mangroves. Additionally, epibenthos was col-
lected manually from inside the mangroves (3 her-
bivorous crabs, 1 omnivorous gastropod, and 3 car-
nivorous crabs).

Four planktivorous fish, 1 phytobenthivorous fish,
3 omnibenthivorous fish, 5 zoobenthivorous fish, 5
piscivorous fish, 1 carnivorous shrimp, and 1 carni-
vorous swimming crab species were collected using
a gillnet (100 m long; 2 m high; with mesh sizes of 7,
7.6, 10.2, and 12.7 cm), approximately 0.1 km away
from the mangroves.

2.3. Sample processing and isotopic analysis

Water samples of SPOM (phytoplankton) were
passed through a 300 pm mesh to remove zooplank-
ton and visually inspected to remove large particu-
late contaminants and zooplankton, then filtered
onto pre-combusted (450°C, 24 h) glass-fiber filters
(GF/C filters) with a nominal pore size of 1.2 pm.
Mangrove leaves, cattail blades, and macroalgae
were cut into small pieces and rinsed with distilled
water. Zooplankton samples were examined micro-
scopically for identification of representative taxa,
then isolated and consolidated onto pre-combusted
filters using forceps. For fish samples, white muscle
tissue was taken from immediately below the ante-
rior end of the dorsal fin. For shrimp, a sample of
abdomen muscle tissue was taken after exoskeleton
and digestive tract removal. For crabs and mollusks,
the chelae and foot muscle, respectively, were re-
moved to form individual or composite samples
according to the size of the specimens. For macro-
consumers, all muscle tissue samples were thor-
oughly rinsed with distilled water.

All samples were dried in Petri dishes at 60°C for at
least 48 h. The dried samples were ground to a fine
powder with a mortar and pestle and stored in clean
glass vials. Between 0.7 and 1 mg of the sample was
weighed in a micro scale and deposited in a tin cap-

sule for isotopic analysis. Analyses were done in the
Laboratorio de Biogeoquimica de Isotopos Estables
at Instituto Andaluz de Ciencias de la Tierra (Gra-
nada, Spain). The carbon and nitrogen isotopic
compositions of organic matter were determined
using an online Carlo Erba NA 1500 NC elemental
analyzer coupled online via a ConFlo III interface
to a Delta Plus XP mass spectrometer (EA-IRMS;
ThermoQuest). Internal standards of —30.63%. and
—-11.65%0 (V-PDB) were used for 8!3C analysis, and
internal standards of —1.0%. and +16.0%o. (AIR) were
used for 8'°N. Precision was calculated, after correc-
tion of the mass spectrometer daily drift, from stan-
dards systematically interspersed in analytical bat-
ches and was better than +0.1%o for 8'°N and 8'3C.
Reference gases and in-house standards (with differ-
ent C:N ratios and isotopic compositions) were cali-
brated against International Reference Materials
(IAEA-N1, TAEA-N2, and IAEA-N3 for nitrogen;
NBS-21, USGS-24, and TAEA-C6 for carbon). Results
are expressed in delta notation in ppm (%.) based
on the following equation: 3C or 8N = (Remple /
Ryandara) — 1, where R = 1¥C/'2C or ’N/¥N.

As variation in tissue lipid content can affect §'°C
values and ecological interpretations, a mathematical
normalization method was used to standardize lipid
content for samples (Post et al. 2007). Animal samples
were normalized if C:N was >3.5, following the equa-
tion: 83Cpomatized = 0 Cuntreatea — 3.32 + 0.99 x C:N,
where 83Cypnireatea COrresponds to the original §'3C of
the sample (Post et al. 2007). For basal source samples,
normalization was done when the percent of car-
bon was >40 %, following the equation: 8Comatized =
33C nireated — 5.83 + 0.14 x %C (Post et al. 2007).

The TP of consumers was calculated following the
mathematical formula proposed by Post (2002): TP =
A+ (0 Neonsumer — 0 Npase) / An, Where A corresponds
to the TP of the basal resource representing the base
of the trophic web (in this case, A = 1); 8Ny, corre-
sponds to an overall mean 8N value (1.8%o) calcu-
lated for basal resources but excluding marine
phytoplankton and benthic microalgae since neither
were estimated from ARD (Table 1); and Ay corre-
sponds to the average trophic enrichment factors
(TEFs) for 8'°N, in the present case with value of
2.9%o for nitrogen according to McCutchan et al.
(2003).

2.4. Data analysis

Bayesian stable isotope mixing models (MixSIAR;
Stock & Semmens 2016) were used to estimate the
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proportional contribution of different basal resources
to consumers. Prior to running the models, epiben-
thos were classified into 3 trophic categories: herbi-
vorous, omnivorous, and carnivorous, while fish
were classified into 5 trophic categories: plankti-
vorous, phytobenthivorous, omnibenthivorous, zoo-
benthivorous, and piscivorous. Feeding guilds were
assigned according to information found in local lit-
erature (Sandoval Londoho 2012) and FishBase
(Froese & Pauly 2007). MixSIAR models were run
separately for each consumer trophic category, and
fish species within each category were coded as
‘fixed effects’ inside each model.

Basal resources included in the MixSIAR models
were selected according to knowledge of their local
availability and the feeding behavior of species con-
sumers (Phillips et al. 2014). However, as the discrim-
inatory power of mixing models generally decreases
as the number of sources increases, the number of
sources should be kept as low as possible without
missing relevant and isotopically distinct sources
(Phillips et al. 2014, Medina-Contreras et al. 2020).
Potential primary sources included in MixSIAR
models included mangrove (R. mangle), macrophyte
(Typha sp.), macroalgae (Chlorophytes: Rhizoclo-
nium sp.), benthic microalgae, and estuarine and
marine phytoplankton (see Table 1). Benthic micro-
algae stable isotope values applied were global aver-
ages (81°C = -20.2 £+ 2.1%0 and 8°N = 2.4 + 1.2%o)
suggested by Kristensen et al. (2017), compiled from
various sources (e.g. Dittel et al. 1997, France 1998,
Lee 2000, Bouillon et al. 2002, Hsieh et al. 2002,
Guest & Connolly 2004, Guest et al. 2004, Demopou-
los et al. 2007). Marine phytoplankton stable isotope
values (with higher 8'*C) were included from global
averages (0°C = -20.1 £ 2.0%o0 and 8"°N = 7.1 = 1.7 %)
compiled from various sources (Peterson et al. 1985,
Cifuentes et al. 1996, Vizzini & Mazzola 2003, Garcia
et al. 2018, Muro-Torres et al. 2019, Qu et al. 2019)
(Table S1 in the Supplement at www.int-res.com/
articles/suppl/m681p021_supp.pdf).

The MixSIAR evaluation of mesozooplankton and
planktivorous fish included marine and estuarine
phytoplankton and mangroves, as the ARD is not a
well-mixed estuary and the narrow feeding behavior
of these species make all other sources irrelevant.
For omnivorous and carnivorous epibenthic inverte-
brates and phytobenthivorous fish, all basal re-
sources were included except marine and estuarine
phytoplankton, as these species do not feed directly
off this food source. For omnibenthivorous, zooben-
thivorous, and piscivorous fish, marine phytoplank-
ton was excluded from the models because this food

source was irrelevant for mesozooplankton and
planktivorous fish, at the bottom of their trophic
chains. Detailed justification about the inclusion or
exclusion of basal resources for each trophic guild
category is presented in Table S2. To illustrate the
difference in the selection of sources in mixing mod-
els, the results with all endmembers (basal sources of
organic matter) for some fish are shown.

The TEFs in MixSIAR models were used according
to McCutchan et al. (2003). For mesozooplankton,
these values were 0.5 + 0.3 %o for §1°C and 2.3 + 0.18 %o
for 8'°N. For fish and epibenthos, the values were 1.3
+ 0.3 %o for 8!3C and 2.9 + 0.32%. for 8'°N, per TP pre-
viously calculated for trophic guilds (Phillips et al.
2014). Currently, several studies for leaf-eating man-
grove crabs have shown that C and N discrimination
values are higher than those that are typically used
(e.g. Harada & Lee 2016). Accordingly, for herbivorous
crabs, we used mean (+SD) values based on our ex-
periments examining trophic discrimination between
the crab Aratus pisonii and its diet of mangrove leaves
(01C: 5.4 £ 0.9%0, 8'°N: 3.9 + 0.5%0; L. A. Sandoval et
al. unpubl. data).

MixSIAR was run in R v.3.5.1 (R Core Team 2018).
Models were fitted using 3 chains until they ‘con-
verged' using long or very long Markov chain Monte
Carlo lengths.

3. RESULTS
3.1. Isotopic composition

The variation of the isotopic composition of basal
resources collected in the Gulf of Uraba, excluding
global averages for marine phytoplankton and ben-
thic microalgae, showed a width of 6.3 %. for 8'*C and
5.6 %o for 8!°N (Fig. 2). Mean 8!3C and 8N values for
mangrove Rhizophora mangle leaves were —31.0 %o
(the most 13C-depleted value) and 0.5 %o, respectively
(Table 1, Fig. 2). Macroalgae (Rhizoclonium sp.) had
similar 8'3C values (-30.8 %o) but a higher §'°N value
(2.9%0) (Table 1). Estuarine phytoplankton was re-
latively enriched in C (excluding global averages
for marine phytoplankton and benthic microalgae;
—24.7 %o) relative to other sources and had the most
15N-enriched values (4.6%.) (Table 1), while the
macrophyte Typha sp. was the most N-depleted
(=0.6%0) (Table 1).

A total of 5 mesozooplankton taxa were analyzed:
Luciferidae, Brachyura zoeae, Penaeidae mysis, cala-
noid copepods, and zooplankton—the latter consist-
ing of a mixture of the other 4 categories (Table 2).
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Fig. 2. Carbon and nitrogen stable isotope (8!*C and §'°N) biplots of (a) mesozooplankton and (b) benthic invertebrates in the
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Fig. 3. Same as Fig. 2, but for fish consumers

Mean §"°C values ranged between —29.9%. (Penaei-
dae mysis) and —19.5%. (Luciferidae). Mean 8'°N val-
ues ranged between 4.3%. (Penaeidae mysis) and
6.1 %o (calanoid copepods) (Table 2). A total of 9 epi-
benthic species were analyzed (Table 2). Mean §'3C
values ranged between -27.8%. (Uca spp.) and
-23.7%0 (Litopenaeus schmitii). Mean 8N values
oscillated between 3.6%o (Uca spp.) and 8%o (Thai-
sella trinitatensis) (Table 2).

A total of 18 fish species were analyzed. Mean §'*C
values ranged between -26.5%. (Eugerres plumieri)
and —17.7 %o (Mugil incilis) (Table 3). Mean §'°N val-
ues ranged between 5.8%. (M. incilis) and 12.2 %o
(Trichurus lepturus) (Table 3). When 83C and 8N
values were adjusted for consumer fractionation,
zoobenthivorous and piscivorous fish were the most
13C-depleted, while phytobenthivorous fish were the
most *C-enriched (Fig. 3). Zoobenthivorous fish were
the most ®N-depleted, while planktivorous were
most ®N-enriched (Fig. 3).

3.2. Mixing model results (MixSIAR)

For mesozooplankton consumers, the mixing mo-
del indicated that estuarine phytoplankton made the
largest contribution to diet, ranging from 22 % (cred-
ibility interval [CI]: 1-78%) to 63% (CL: 3-96 %)
(Table 4, Fig. 4a), followed by mangroves, which
ranged from 18 % (CI: 1-55%) to 61 % (CIL: 15-86 %)
(Table 4, Fig. 4a).

For omnivorous and carnivorous epibenthos, the es-
timated contribution of macroalgae was the highest
(Fig. 4b), ranging from 31 % (CI: 9-49 %) to 55% (CIL:
9-71%) (Table 5). Mangroves were the most impor-
tant contribution for the herbivorous crabs Aratus
pisonii (75 %; CI: 23-93 %) and Pachygrapsus trans-
versus (60%; CI. 26-95%) (Table 5). Macrophytes
were the most important estimated source for the fid-
dler crab Uca spp. (38 %; CI: 10-55 %) (Table 5).
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Table 1. Mean = SD carbon (3!*C) and nitrogen (5'°N) stable

isotope values and C:N ratios of primary producers collected

in the Gulf of Urabda, Colombian Caribbean. n: number of
samples; NA: not applicable

Species/taxon n 8BC (%) SN (%0) C:N

Mangrove

Rizhophora mangle 10 -31x1.5 05+1.0 1551+23

Macrophyte

Typha sp. 3 -273+x0.1 -06=x01 243=x1

Macroalgae

Chlorophytes 3 -308+0.0 29+03 205=x1
(Rhizoclonium sp.)

Phytoplankton

Estuarine 2 -247+16 4602 83x2
phytoplankton

Marine -213+11 86+1.0 NA
phytoplankton?®

Microphytobenthos

Benthic microalgae® -200+21 24+12 NA

“Global average used; from Peterson et al. (1985) for mar-
ine phytoplankton and Kristensen et al. (2017) for benthic
microalgae

Table 2. Mean * SD carbon (8'3C) and nitrogen (8'°N) stable

isotope values of invertebrate consumers collected in the

Gulf of Urab4, Colombian Caribbean. n: number of samples;

N: number of pooled individuals in each sample; L: body
length; NA: not applicable

Species/taxon n(N) L(cm) 8BC (%) 8N (%o)
Mesozooplankton

Zooplankton 3 NA -243+3.1 6012
Luciferidae 3(300) NA -19.5+0.0 57+0.0
Brachyura zoeae 1(50) NA -19.9 44

Penaeidae mysis 1(500) NA -29.9 4.3
Calanoid copepods 3 (600) NA -20.7+09 6.1+1.1

Epibenthos

Gastropoda

Thaisella coronata 3 23%£01 -245+02 8.0=x0.1
trinitatensis

Neritina virginea 96) 1.5+£02 -257+1.1 5807

Grapsidea

Aratus pisonii 9(1) 21+£02 -256+0.8 3.9+0.7

Pachygrapsus 3(3) 14+0.1 -254+03 48=+0.1
transversus

Ocypodidae

Uca spp. 9(3) 20+03 -278+08 3.6x09

Panopeidae

Panopeus rugosus 3 36+x00 -256+08 7.7+0.8

Eurytium limosum 3 34+£01 -253+03 68+0.3

Shrimp and swimming crab

Penaeidae

Litopenaesu schmitii 3 (2) 126 +0.7 -23.7+0.2 73 +0.1
Portunidae

Callinectes bocourti 3 47+03 -26.0+03 7.1+0.3

For planktivorous fish (excluding the model with
all end-members for Anchovia clupeoides), estuarine
phytoplankton and mangroves were the most impor-
tant estimated sources for consumers (Fig. 5), which
ranged from 31% (CIL: 3-72%) to 46 % (CI: 2-93 %)
and 31 % (CIL: 4-57 %) to 54 % (CI: 19-77 %), respec-
tively (Table 6). To illustrate the difference in the
selection of sources in mixing models, the results
with all end-members for A. clupeoides are shown
(Table 6).

For phytobenthivorous fish (excluding the model
with all end-members), the estimated contribution
of benthic microalgae was the highest (48 %; CI: 13—
85%) (Table 6, Fig. 5). To illustrate the difference in
the selection of sources in mixing models, the re-
sults with all end-members are shown in Table 6.
This shows that the contribution of benthic micro-
algae decreased considerably (25%; CI: 1-67 %)
(Table 6).

For omnibenthivorous and zoobenthivorous fish
(excluding the model with all end-members), macro-
algae was the most important estimated source (Fig. 5),
ranging from 23 % (CI: 1-66 %) to 63 % (CI: 24-82 %)
(Table 6). For piscivorous fish, mangroves and benthic
microalgae were the most important estimated sources
(Fig. 5), which ranged from 14 % (CI: 1-40 %) to 46 %
(CI: 1-80%) and 12% (CI: 1-41%) to 38% (CIL: 8-
45 %), respectively (Table 6). To illustrate the differ-
ence in the selection of sources in mixing models, the
results with all end-members for Diapterus rhombeus
are shown (Table 6).

Overall, mixing model results showed that mangrove
carbon was an important source of energy for Sesar-
midae crabs (herbivorous) and Engraulidae (planktiv-
orous) and Centropomidae (piscivorous) fish (Fig. 6).
Estuarine phytoplankton was an important source of
energy for Carangidae, Clupeidae (planktivorous),
and Trichuridae (piscivorous) fish (Fig. 6). Benthic al-
gae was an important source of energy for Mugilidae
(phytobenthivorous) and Carangidae (piscivorous)
fish, and Panaeidae (carnivorous) shrimp (Fig. 6).
Macroalgae was an important source of energy for
Gerridae and Ariidae (omnibenthivorous) fish, and
Gastropoda (omnivorous) (Fig. 6). Macrophyte was an
important source of energy for Ocypodidae (herbivo-
rous) and Panopeidae (carnivorous) crabs (Fig. 6).

3.3. TPs

Results showed a food web with a maximum TP of
4.6 in the ARD estuary. Consumers with the lowest
TPs were mesozooplankton larvae (Table 4) and her-
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bivorous crabs (Table 5), while the piscivorous fish
T. lepturus exhibited the highest TP (Table 6). Over-
all, mesozooplankton, herbivorous epibenthos, and
phytobenthivorous fish corresponded to the first

Table 3. Mean + SD carbon (8'3C) and nitrogen (8!°N) stable

isotope values of fish collected in the Gulf of Urab4, Colom-

bian Caribbean. n: number of samples; L: fish total length
(mean + SD)

Species/taxon n L(cm) 8%C (%) 8N (%)

Ariidae

Ariopsis canteri 3 194+06 -243+05 86=x0.5

Cathorops mapale 3 194+10 -264+06 86=x0.2

Carangidae

Caranx crysus 2 145+06 -21.6+0.1 10.1+0.6

Caranx hipos 3 240+02 -200+12 11.0+0.2

Oligoplites saliens 3 263+02 -208+04 11.3+0.2

Centropomidae

Centropomus ensiferus 4 21.6 £+0.5 -24.4+0.8 109 +0.5

Centropomus 3 208+0.8 -25.0+£1.8 9.7+£0.5
pectinatus

Centropomus 3 267+1.0 -243+1.5 11.0+£0.8
undecimalis

Clupeidae

Opisthonema oglinum 2 21.8+0.0 -20.0+0.6 9.3+0.0

Engraulidae

Anchovia clupeoides 3 21.3+0.2 -252+0.2 99+0.1

Centengraulis 3 11.1+00 -214+04 85+03
edentulous

Ephippidae

Chaetodipterus faber 3 21.6+4.2 -26.1+0.8 98+0.4

Gerridae
Diapterus rhombeus 2 16.5+0.0 -25.5+08 9.2+04

Eugerres plumieri 3 172+02 -26.5+03 89=+x0.1
Lutjanidae

Lutjanus jocu 3 168+03 -249+1.1 98+0.1
Mugilidae

Mugil incilis 3 253+06 -1727+0.9 58+04
Scianidae

Bardiella ronchus 3 185+04 -234+0.7 10604
Trichuiridae

Trichurus lepturus 3 71.7+09 -21.1+£0.2 122+0.3

consumers (Tables 4-6); intermediate TP consumers
included carnivorous epibenthos and 2 trophic guilds:
planktivorous and omnibenthivorous fish (Tables 5
& 6); and high TP consumers included zoobenthi-
vorous and piscivorous fish (Table 6).

4. DISCUSSION

A maximum TP of 4.6 was estimated in the ARD.
The number of different TPs was similar to that found
in other mangrove systems (e.g. Abrantes & Sheaves
2009, Giarrizzo et al. 2011, Sepulveda-Lozada et al.
2017). Mean 8N values for aquatic primary con-
sumers (meso-zooplankton and phytobenthivorous
fish) were enriched by 3%, relative to the mean §'°N
values for sources (5.4 and 2.4 %o, respectively), sug-
gesting that the TEF of 2.9 used by the formula fit ad-
equately for estimation of TPs (McCutchan et al.
2003). An overall mean 8'°N value was calculated for
basal resources to estimate baseline 8!°N and finally
to estimate TP. Nevertheless, previous food web stud-
ies in mangrove systems have successfully used man-
groves as a >N reference (Medina-Contreras et al.
2018) as well as sediments (Mancera 2003). Mancera
(2003) recommended the use of the mean value be-
tween mangroves and sediments. However, we be-
lieve that the average 8'°N value for primary sources
was appropriate for TP estimation due to the similar
values obtained for fish using stomach content analy-
ses in the Colombian Caribbean, as shown below.

TP estimates for fish were similar to those found by
Garcia & Contreras (2011) in the Colombian Carib-
bean, e.g. Mugil incilis (this study: 2.3; literature
data: 2.2), Eugerres plumieri (3.4 and 3.1, respec-
tively) Centropomus ensiferus (4.1 and 4.3, respec-
tively), C. undecimalis (4.2 and 4.1, respectively),
and Trichurus lepturus (4.6 and 4.5, respectively).
Further, the TPs of the fish community were similar
to those found on the Pacific coast of Colombia by
Medina-Contreras et al. (2018) (mean community

Table 4. Percent of primary producer'’s contributions (50 % quantiles; range: 95 % Bayesian credibility intervals) to the diet of
mesozooplankton estimated using MixSIAR. TP: estimated trophic position

Species/taxon TP Marine phytoplankton Estuarine phytoplankton —— Mangrove
Median (%) 95% CI Median (%) 95% CI Median (%) 95% CI
Zooplankton 2.3 19 0-60 34 2-90 42 2-70.
Luciferidae 2.1 12 0-79 63 3-96 18 1-55
Brachyura zoeae 1.6 16 0-82 33 0-90 36 4-86
Penaeidae mysis 1.6 13 1-45 22 1-78 61 15-86
Calanoid copepods 2.2 21 1-68 50 6-89 26 3-55
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Fig. 4. Isotope mixing model (MixSIAR) estimates of percent contributions from different basal resources to the diet (tissue) of

(a) mesozooplankton and (b) trophic guilds for epibenthivorous species. Horizontal lines in boxplots: means; filled colored

boxes: 25th—75th percentiles; whiskers: maximums and minimums. Basal resources excluded from models are shown with 0%.
Omnivorous values are for only one species (Neritina virginea)

Table 5. Percent of primary producer's contributions (50 % quantiles; range: 95 % Bayesian credibility intervals) to different
epibenthic species using MixSIAR. TP: estimated trophic position

Species/taxon TP Mangrove Benthic microalgae Macrophyte Macroalgae
Median  95% CI Median 95% CI Median 95% CI  Median 95% CI
(%) (%) (%) (%)

Herbivorous

Aratus pisonii 1.8 75 23-93 2 0-23 10 1-40 9 1-41

Uca sp. 1.6 28 0-68 2 0-13 38 10-55 29 4-58

Pachygrapsus transversus 2.0 60 26-95 2 0-13 10 0-35 25 0-61

Omnivorous

Neritina virginea 2.4 13 0-46 21 8-37 22 1-49 41 14-60

Carnivorous

Tahisella coronata 3.1 7 0-36 29 17-42 11 1-33 50 20-64

Panopeus rugosus 3.0 11 0-61 22 11-34 9 1-29 55 9-71

Eurytium limosum 2.7 13 0.3-60 16 6-33 35 2-60 33 7-50

Litopenaesu schmitii 2.9 9 0-40 32 18-51 24 1-52 31 9-49

Callinectes bocourti 2.8 14 1-50 16 8-29 22 3-42 46 19-63
TPs of 3.7 and 3.6, respectively). In contrast, the cal- (Pimm & Lawton 1977). TP measures can be essential
culated TP of the fish community was lower on the for ecosystem-based fishery management (EBFM).
Caribbean coast of Panama (Stuthmann & Castellanos- The strength of a TP as an ecological indicator lies in
Galindo 2020), with a mean community TP of 3.2. its efficiency in capturing and revealing ecosystem
However, in that study a different TP calculation effects of fishing (Stergiou et al. 2007). For instance,
technique was used (R package ‘tRophicPosition’), the mean weighted TP of a catch over a series of
which could explain the differences. Likewise, onto- years is useful to identify the ‘fishing down the mar-
genetic changes in fish feeding behavior are com- ine food web' process (Pauly et al. 1998) as well as to
mon (e.g. Ariidae; Sandoval et al. 2020). This can also estimate other indicators such as the primary produc-
explain the lower fish TPs from the Caribbean coast tion required to support fisheries (Pauly & Christensen
of Panama since based on the size of the captured 1995) and the ‘Fishery in Balance' index (Pauly et al.
fish there, the communities consisted mostly of juve- 2000). In this way, studying TPs using isotopic signa-
niles (Stuthmann & Castellanos-Galindo 2020). tures can be used in EBFM in ARD, Uraba Gulf,

The highest TP (4.6) in ARD is evidence of the high where there are more than 1500 Columbian families
complexity of estuarine food webs since food chains engaged in local commerce and/or subsistence fish-

are typically short, reaching a maximum of 4 or 5 TPs ing, with few economic alternatives (LOPEGU 2017).
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importance of mangrove leaves for
herbivorous crabs from the ARD.
Furthermore, our results suggest that
herbivorous crabs in the ARD could be
exporting mangrove organic produc-
tion indirectly, either as prey or car-
casses, thus supplying the near-shore
pelagic food webs (Werry & Lee 2005,
Lee 2008). Mangroves also contribute
directly to mesozooplankton as shrimp
larvae (TP = 2) and are transferred to
higher TPs, first to planktivorous fish
E (TP = 3; mainly engraulids Anchovia
clupeoides and Centengraulis edentu-

Planktivorous Phytobenthivorous Omnibenthivorous

I Marine phytoplankton [ Estuarine phytoplankton [l Mangrove [ Benthic algae M Macrophytes [ Macroalgae

Fig. 5. Isotope mixing model (MixSIAR) estimated percentages of the per-
cent contribution from different basal resources to the diet (tissue) of tro-
phic guilds of fish. Boxplot parameters as in Fig. 4. Basal resources exclu-
ded from models are shown with 0 %. Phytobenthivorous values are for only

one species (Mugil incilis)

This study observed species from a wide range of
potential trophic groups in order to allow better iden-
tification of possible trophic pathways within the
food webs (Abrantes & Sheaves 2009). We suggest a
diversity of food sources exists for consumers in
ARD's ecosystem food webs, with at least 5 potential
trophic pathways.

(1) Phytoplankton pathway. Phytoplankton con-
tributes directly to mesozooplankton (TP = 2) and is
transferred to higher TPs; first to planktivorous fish
(TP = 3) and subsequently to piscivorous fish (TP = 4)
(e.g. T. Iepturus).

(2) Mangrove pathway. Mangroves are incorpo-
rated by herbivorous epibenthic crabs (Aratus pisonii
and Pachygrapsus transversus) and can also be
transferred to the adjacent TP through A. pisonii,
which has been found in the diet of the zoobenthivo-
rous fish Ariopsis canteriin a mangrove lagoon in the
Uraba Gulf (Sandoval-Londono et al. 2015). On the
importance of the mangrove as a source of food for
grapsid crabs, it has recently been accepted that the
values of discrimination are higher than average val-
ues traditionally used following Post (2002) and
McCutchan et al. (2003) (Harada & Lee 2016). For our
study, discrimination values for this group of crabs
were obtained from our own experiment of trophic
discrimination of stable isotopes between mangrove
leaves and A. pisonii (L. A. Sandoval et al. unpubl.
data), which are close to those suggested for sesar-
mid crabs (8°C: 4.88 £ 0.1%0; 8'°N: 3.5 = 0.1%0) by
Harada & Lee (2016). This finding points to the

Zoobenthivorous

Piscivorous lus), and subsequently to piscivorous
fish (TP = 4) such as centropomids (C.
ensiferus and Centropomus undeci-
malis). In Brazil, Giarrizzo et al. (2011)
described the same mangrove trophic
pathway. That study, as the present
one, was also conducted in an area
where mangroves are interlinked to
other productive coastal habitats such as seagrass
beds. Likewise, engraulid fish were also a key source
of carbon transfer from the mangroves to higher TPs.
These results have important implications for the
trophic role of mangroves in tropical estuarine and
marine ecosystems since engraulids are abundant in
these systems and are prey for important commercial
piscivorous fish species (Giarrizzo et al. 2011). In the
Gulf of Urab4, the importance of the engraulids for
piscivorous fish has been shown in the diet of the At-
lantic cutlassfish T. lepturus (index of relative im-
portance [IRI] = 56 %) (Arenas-Uribe et al. 2019), and
the Gafftopsail Sea catfish Bagre marinus (IRI = 15 %)
(Herndandez-Morales et al. 2018).

(3) Microphytobenthos (benthic microalgae) pathway.
Microphytobenthos contribute directly to the phyto-
benthivorous fish M. incilis (TP = 2). This finding is
consistent with a previous study in the Gulf of Urab4,
where both juveniles and adults were found to feed
mainly on diatoms (87 % IRI) from the seabed near
mangroves (Sandoval Londono 2012) and can also
corroborate the proper use of the isotopic benthic
microalgae values from global averages in our models.
M. incilis can also transfer energy to higher TPs (TP = 4),
as it has been found in the diet of species such as T. lep-
turus (Arenas-Uribe et al. 2019) and C. ensiferus (San-
doval Londofno 2012). Likewise, the microphytoben-
thos also contributes significantly, although indirectly,
to the white shrimp Litopenaesu schmitii (TP = 3).

(4) Macroalgae pathway. Macroalgae are usually
abundant on the roots of Rhizophora mangle in the
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Centengraulis edentulus
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Phytobenthivorous

Mugil incilis

Anchovia clupeoides
M. incilis®

Planktivorous
A. clupeoides®
Omnibenthivorous

Table 6. Percent of primary producer'’s contributions (50 % quantiles; range: 95 % Bayesian credibility intervals) for trophic guilds and fish species. TP: estimated trophic
Guild/species
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Fig. 6. Main consumers and sources showing the relative contribution of the main energetic sources in the Atrato River Delta
estuary. Different trophic pathways are shown with different colors

model results for fish based on a carbon TEF of §13C:
1.3 + 0.3 %0 can be considered conservative regarding
the contribution of mangroves, as higher TEF values
lead to lower corrected $'*C that in turn leads to a
higher contribution of mangroves, which for these
systems can use values of up to 2%. (Abrantes et al.
2015b).

The results showed that mangroves contributed
significantly to the diet of 2 of the most common fish
species in the local artisanal fishery (LOPEGU 2017):
the piscivore C. undecimalis and the zoobenthivore
C. pectinatus. Furthermore, results suggest that
mangroves serve as substrate/habitat that supports
sources such as macroalgae and benthic microalgae,
which in turn support the zoobenthivorous A. canteri
and the phytobenthivorous M. incilis—both also
commercial fish species (LOPEGU 2017).

Other studies have suggested that mangroves can
be important food sources in estuarine food webs,
depending on system conditions (Mancera 2003,
Abrantes et al. 2015b). We showed that fringing
mangroves seem to be a major food source for some
consumers in areas not interlinked with other highly

productive coastal habitats (i.e. seagrasses and coral
reefs), which has been reported in only a few studies:
e.g. in a northern Brazilian mangrove ecosystem (Gia-
rrizzo et al. 2011) and northern Australian estuaries
(Abrantes et al. 2015b). These results can potentially
be used in EBFM focused on the protection of exten-
sive mangrove areas in the southern Caribbean.
However, since differences in the mangrove contri-
bution to food webs are possible in the ARD, both
across the rainfall regime and spatially, and because
there were data limitations for local marine phyto-
plankton and benthic algae stable isotope values, we
recommend a more detailed study of food webs in
this area.

5. CONCLUSIONS

The results of this study showed a food web with a
maximum TP of 4.6 in the ARD estuary. Diversity in
food sources supports the food web, and most con-
sumers assimilated a mixture of carbon sources as a
result of intertwined trophic pathways. However, iso-
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