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Abstract Understanding and connecting the impact
of anthropogenic activities on mangrove food webs
is a research challenge. Has research on the subject
been able to find answers using stable isotopes? The
present opinion paper analyzed the utility of stable
isotopes in tracing the impact of anthropogenic activi-
ties on mangrove food webs and if the research ques-
tions raised could be answered using these chemical
markers. Representative research papers (16) focused
on the use of stable isotopes (613C, 8N, 8%s, §°H,
0D,206Pb/207Pb, and 208Pb/207Pb) to evaluate the
effect of anthropogenic activities (Sewage discharge,
timber harvesting—deforestation, metallurgical activi-
ties, hydrological disruption, aquaculture ponds, and
urban development) on mangrove food webs were
selected. Each article included at least one group of
consumers (invertebrate or fish). Publications only
focused on water quality or primary producers were
not included. Most studies managed to determine
the effect of the anthropogenic activities on the food
web’s stable isotope values. Based on the above, we
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concluded that these markers are an effective tool to
determine affectation patterns on the structure and
function of mangrove food webs. The results obtained
herein facilitate the correct management of man-
groves and their derived resources.
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Introduction

Mangrove forests are recognized for their important
functional and structural characteristics. It is widely
documented that these ecosystems are exporters or
carbon sequesters, nursery areas, shoreline protec-
tors, land builders, and climate change mitigators
(Nagelkerken et al., 2008; Lee et al., 2014; Adame
et al.,, 2021) among other vital ecosystem services
for human communities (Palacios & Cantera, 2017).
In coastal areas anthropogenic activities converge
at various levels (subsistence, artisanal, and indus-
trial), affecting mangrove function (Erazo & Bow-
man, 2021) and reducing their area (Wolanski et al.,
2000). These activities include sewage discharges,
timber extraction, aquaculture, agriculture, infrastruc-
ture construction, fishing, and tourism, among others
(Valiela et al., 2001; Adame et al., 2021).

In the last decades, high levels of degradation
and loss of mangrove ecosystems have occurred
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due to anthropogenic activities, especially in tropi-
cal regions. Between 1980 and 2000, at least 35%
of global mangrove cover has been lost, equating
to more than that of tropical forests and coral reefs
(Valiela et al., 2001). Due to pond culture, 58% of
mangrove cover in the Philippines were lost, 50% in
Thailand (Primavera, 1993) and 50-80% in Southeast
Asia (Wolanski et al., 2000). Due to shrimp farm-
ing, 28-40% of mangrove cover was lost in Ecuador
between 1970 and 2006 (Ashton, 2008). Moreo-
ver, it is estimated that by the end of the century
(2010-2100), the main causes of degradation and loss
of mangrove function will be agriculture and aqua-
culture in Tropical Eastern Pacific, Temperate South
America, and Central Indo-Pacific regions; erosion in
Western and Central Indo-Pacific and Tropical Atlan-
tic, clearing in Temperate Australasia, Central and
Western Indo-Pacific, and Tropical Atlantic; and cli-
mate events in Temperate Australasia (Adame et al.,
2021).

Anthropogenic modification of mangrove ecosys-
tems contribute to decreased habitat quality, poten-
tially affecting food web structure and function (Tay-
lor et al., 2007; Bui & Lee, 2014; Lopez-Rasgado
et al., 2016; Medina-Contreras et al., 2021). Stable
isotopes have been used for 4 decades to study man-
grove food webs. The analysis of these markers (8'°C
and 8'°N) allows for the identification of primary pro-
ducer sources and foods for consumers and has been
extensively used as a tool for assessing ecological
trophic relationships (Bouillon et al., 2011; Layman
etal., 2012).

Initially, the studies determined the importance of
mangrove carbon for consumers of tropical and sub-
tropical systems (Rodelli et al., 1984; Zieman et al.,
1984), principally species of fishery importance
(Stoner & Zimmerman, 1988; Harrigan et al., 1989).
The number of publications that study mangrove
food webs using these chemical markers increased
considerably, becoming relatively numerous dur-
ing the previous 4 decades (>80). The most recur-
rent research questions are which autotrophic sources
sustain mangroves food webs? (Nyunja et al., 2009;
Sepualveda-Lozada et al., 2015; Medina-Contreras
et al., 2018); how important is mangrove-derived
carbon to certain species, groups, or assemblages?
(Abrantes et al., 2015); and what is the spatial scope
of mangrove organic carbon as a food source for con-
sumers of estuarine food webs? (Rodelli et al., 1984;
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Mendoza-Carranza et al., 2010; Claudino et al.,
2015).

Studies of the effect of anthropogenic activities on
mangrove food webs through the use of stable iso-
topes has been limited (Hadwen & Arthington, 2007),
with most of the research developed from 2010, but
is becoming a subject of growing interest. The main
objective of these studies has been to examine nitro-
gen and carbon flow patterns through the mangrove
food webs with some anthropogenic alteration; for
example, deforestation (Viana et al., 2015; Then
et al., 2020), sewage inputs (Hadwen & Arthington,
2007; Medina-Contreras et al., 2021), and hydrologi-
cal disruption (Lépez-Rasgado et al., 2016), among
others. These studies hypothesized that anthropogenic
habitat modification leads to differences in niche and
trophic structure of mangrove communities and hence
trophic function.

In this opinion paper, representative research
papers from different oceanic regions (Spalding
et al., 2007) focused on the use of multiple stable iso-
topes (8'°C, 89N, 8%*S, 8%H, 8D, 206Pb/207Pb, and
208Pb/207Pb) to evaluate the effect of anthropogenic
activities on mangrove food webs were selected and
reviewed. With the objectives of (1) analyzing if sta-
ble isotopes are effective tracers to evaluate the effect
of anthropogenic activities on mangrove food webs
and (2) conclude whether stable isotopes were use-
ful to answer the research questions and to evaluate
raised hypotheses.

Why use stable isotopes to track the effect of
anthropogenic activities on mangrove food webs?

As will be discussed throughout this opinion paper,
isotopic composition, trophic position, isotopic niche,
and food web pathways may vary depending not
only on mangrove environmental settings (Abrantes
et al., 2015) but also on human modification of the
habitat. For example, striking differences in the iso-
topic composition and niche of dominant fish com-
munities of tropical and subtropical mangroves with
different levels of anthropic intervention have been
found (Lopez-Rasgado et al., 2016; Mwandya, 2019;
Medina-Contreras et al., 2021). The conservation
status of mangroves could also have an effect on the
connectivity between ecosystems (coral/rocky reefs),
affecting ontogenetic fish movements between them
(Lopez-Rasgado et al., 2016; Medina-Contreras et al.,
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2021). Moreover, large-scale mangrove forest clear-
ing may impact estuarine food webs, with potential
consequences to nearby coastal ecosystems (Fraga
et al., 2018).

According to this, stable isotopes principally 8'°N
and 8'3C values potentially could track the anthro-
pogenic effects on mangrove food webs. Regard-
ing 85N, this parameter could be an indicator of
the alteration of water quality. In general, higher
concentrations of '3 N are usually found in inter-
vened mangrove systems compared to moderate or
non-intervened mangroves (Hadwen & Arthington,
2007; Souza et al., 2018; Medina-Contreras et al.,
2021), possibly due to the influence of waters loaded
with nitrites, nitrates, and ammonium from various
anthropic activities developed in bays, estuaries, and
creeks associated to mangroves.

The 5'°C values are widely used as indicators of
differences in the sources of organic carbon used by
consumers. Patterns of 'C enrichment/impoverish-
ment and its relation to anthropogenic activities are
not entirely clear (Medina-Contreras et al., 2021). For
example, mangroves systems subject to hydrological
restriction and deforestation exhibit different 1*C val-
ues compared to non-intervened mangroves (Lopez-
Rasgado et al., 2016; Mwandya, 2019); however, the
magnitude and tendency of these differences are par-
ticular for every study case as will be discussed later.

Papers selection criteria

A search was made in different databases of scien-
tific citations, specifically Google Scholar and Sco-
pus. The search keywords were mangrove anthropo-
genic intervention, stable isotopes, trophic structure
of intervened mangroves, and stable isotope models
in disturbed mangroves. The time range of the search
was from 1980 to 2021. The selected papers had the
following characteristics: (1) their main objective had
to be to evaluate or understand the effect of anthro-
pogenic activities on mangrove food webs. (2) They
had to include at least one group of primary or sec-
ondary consumers (macroinvertebrates or fish, not
bacteria or fungi). (3) They should include isotopic
values and analysis of mangrove leaves. (4) Articles
that only analyzed primary sources or basal resources
(i.e., Particulate organic matter, Mangroves, Algae)
were not included, even if they sought to identify

contamination using stable isotopes, since the main
objective of this opinion paper was not to analyze the
efficiency of stable isotopes to track mangrove water
quality or nutrient levels. (5) Only in situ research
was included, not experiments. (6) The studies had
to be carried out in mangrove creeks and not in large
estuaries far from mangrove areas.

Anthropogenic actions evaluated

The following anthropogenic activities affecting man-
grove food webs were evaluated in the selected papers
(Fig. 1): sewage discharges, timber harvesting and/or
deforestation, hydrological disruption, urban develop-
ment, waste deposition from metallurgical activities,
and aquaculture ponds (Table 1). Others were listed
as part of the anthropogenic activities developed in
anthropogenically intervened systems which poten-
tially affect the structure and function of mangrove
food webs. For example, tourism, shell harvesting,
fishing, solid waste deposition, and recreation among
others. However, its effect on mangrove food webs
was not particularly evaluated.

Sewage discharge

The studies that evaluated the effect of sewage dis-
charges on mangrove food webs hypothesized that the
8'°N values in food web components (primary pro-
ducers and consumers) are higher in mangroves with
sewage inputs compared to those without them (Had-
wen & Arthington, 2007; Pitt et al., 2009; Mazumder
et al., 2015; Zulkifli et al., 2016; Samper-Villarreal
et al., 2018; Souza et al., 2018; Lugendo & Kimirei,
2021; Medina-Contreras et al., 2021). The eleva-
tion of nitrogen levels has the potential to alter the
structure and function of mangrove ecosystems. As
a result, stable nitrogen isotope analysis (5'°N) has
emerged as an effective way of exploring the effects
of anthropogenic N uptake by mangrove food webs
(Mazumder et al., 2015). These studies through §'°N
values indicate that sites with sewage discharges pre-
sent ' N enrichment in sediments, primary producers
(algae and mangroves), and consumers (invertebrates
and fish). This pattern of '> N enrichment can also
be observed by comparing sites categorized as non-
polluted and moderate, indicating that 8'°N is highly
sensitive to the increase in N of anthropogenic origin
in mangroves and creeks (Lugendo & Kimirei, 2021).
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Fig. 1 Geographical location of selected research that has ana-
lyzed the effect of anthropogenic activities on mangrove food
webs. The numbers correspond to studies from the oldest (1)
to the most recent (16). (1): Tallow and Belongil Creeks, Aus-
tralia (Hadwen & Arthington, 2007); (2): Annandale Wetland,
Australia (Sheaves et al., 2007); (3) Moreton Bay, Australia
(Pitt et al., 2009); (4) Botany and Homebush Bays, Australia
(Mazumder et al., 2015); (5) Chiriqui Gulf, Panama (Viana
et al., 2015); (6): La Paz Bay, México (Lopez-Rasgado et al.,
2016), (7) Puloh River, Malaysia (Zulkifli et al., 2016); (8)
Dulce Gulf, Costa Rica (Samper-Villarreal et al., 2018), (9)

Moreover, Mazumder et al., (2015) demonstrated the
decrease of food-chain length in sites with sewage
discharges identifying one of the effects of nitrogen
elevation on the structure of the food webs.

Another study suggests that sewage-derived nitro-
gen had been widely assimilated by producers and had
been transferred through all trophic levels of the food
web (Hadwen & Arthington, 2007). In this study, the
authors also attribute '> N enrichment to the hydro-
logical conditions of the systems, which are inter-
mittently open with a restricted circulation of water,
indicating that the food webs of mangroves with this
partial circulation setting are highly vulnerable to the
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Vitéria and Santa Cruz Bays, Brasil (Souza et al. 2018); (10)
Piraqué-Agu-Mirim Estuary, Brasil (Fraga et al., 2018), (11)
Makoba and Chwaka Bays, Tanzania (Mwandya, 2019), (12)
Mantang mangrove forest reserve, Peninsular Malaysia (Then
et al., 2020), (13) Buenaventura and Malaga Estuaries, Colom-
bia (Medina-Contreras et al., 2021), (14) Vitéria and Santa
Cruz Bays, Brasil (Souza et al., 2021), (15) Dar es Salaam and
Pawani mangroves, Tanzania (Lugendo & Kimirei, 2021), and
(16) Qinglan Mangrove Nature Reserve, China (Herbeck et al.,
2021). World mangroves distribution (Giri et al., 2010) and
oceanic regions (Spalding et al., 2007)

effects of sewage discharges. This work presented
strong evidence of the assimilation and trophic trans-
fer of nitrogen effluent throughout the food web to the
top consumers. Enrichment in 5N (~1-3%) was also
detected in tropical mangrove fish tissues, character-
ized by high anthropogenic impact, including sewage
discharges, in contrast to a relatively pristine system
(Medina-Contreras et al., 2021).

Other studies (Samper-Villarreal et al., 2018; Souza
et al., 2018) also indicated "N enrichment in pri-
mary producers’ tissues. For example, in Costa Rica
(Samper-Villareal et al., 2018), mangrove leaf iso-
topic values showed enriched >N at nutrient-loaded
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Table 1 Selected research evaluating the effect of anthropogenic activities on mangrove food webs, using stable isotopes
Oceanic Region  Country Locality Primary anthropogenic ~ Stable isotopes used to  References
activity evaluated evaluate the effect of
anthropogenic activities
on mangroves food
webs
Indo-Pacific Australia  Tallow and Belongil Sewage discharged 5!°C and 8"°N Hadwen & Arthington
Creeks (2007)
Indo-Pacific Australia  Annandale wetland Urban development 813C and 8°N Sheaves et al. (2007)
Sheaves et al. (2007
Indo-Pacific Australia ~ Moreton bay Sewage discharged 8N Pitt et al. (2009)
Indo-Pacific Australia  Brisbane water; botany Sewage discharged 8'3C and 8"°N Mazumder et al. (2015)
and homebush bays
Eastern Pacific =~ Panama Chiriqui gulf Deforestation 83C and 8"°N Viana et al. (2015)
Eastern Pacific =~ México California gulf Hydrological disrup- 8'3C and 8"°N Lépez-Rasgado et al.
tion (2016)
Eastern Pacific =~ Costa Rica Dulce gulf Sewage discharged 813C and 8"°N Samper-Villarreal et al.
(2018)
Eastern Pacific ~ Colombia Bahia Mélaga and Bue- Timber harvesting 8'3C and 8"°N Medina-Contreras et al.
naventura Bays Sewage discharged (2021)
Western Atlantic Brasil Vitéria and Santa Cruz  Metallurgical activities &3¢, 8PN, Souza et al. (2018)
Bays Sewage discharged 206Pb/207Pb,
208Pb/207Pb
Western Atlantic  Brasil Piraqué-Agu-Mirim Deforestation 813C Fraga et al. (2018)
Estuary
Western Atlantic Brasil Vitéria and Santa Cruz  Metallurgical activities &'°N Souza et al. (2021)
Bays
Indian Ocean Malaysia ~ Puloh River Sewage discharged 8'3C and 8"°N Zulkifli et al. (2016)
Indian Ocean Tanzania  Makoba and Chwaka Deforestation 8'3C and 8N Mwandya (2019)
Bays Aquaculture ponds
Indian Ocean Malaysia ~ Matang Mangrove For- Timber harvesting 8D, 813C, 85N Then et al. (2020)
est Reserve
Indian Ocean Tanzania  Dar es Salaam and Sewage discharged 8N Lugendo & Kimirei
Pawani mangroves (2021)
Indian Ocean China Qinglan Mangrove Aquaculture ponds 8N Herbeck et al. (2021)

Nature Reserve

mangroves, whereas algae and bivalves showed a
small variation between reference and nutrient-loaded
mangroves. In Brazil (Souza et al., 2018), the results
indicated that the lower components of the food web,
especially mangroves exhibited enriched >N in nutri-
ent-loaded mangroves, which are more affected than
organisms of higher trophic positions (crabs, oys-
ters, shrimps, and fish). These studies also indicate
that along with sewage discharges, the hydrological
and geomorphological characteristics of the man-
grove system also influence the assimilation of nitro-
gen from anthropogenic sources throughout the food
web (Medina-Contreras et al., 2021). Similar to the

mangrove systems in Australia (Hadwen & Arthing-
ton, 2007), the results of Samper-Villarreal et al.,
(2018) in Costa Rica were obtained in a system of
long water residence time, contrasting a deep system
with a fjord-like bathymetry and naturally low nutri-
ent levels. The results obtained in Costa Rica provide
isotopic evidence of subtle nutrient enrichment in
these mangrove habitats, despite limited evidence of
nutrient loading from water quality analyses. These
findings are suggestive of chronic low-level nutrient
loading in the study area.

In Brazil, Souza et al. (2018) found differences in
the primary producers that support fish and oysters

@ Springer



1242

Hydrobiologia (2023) 850:1237-1249

from mangroves with sewage discharge and without
them. They also found '> N enrichment in mangrove
tissues from the site with sewage discharges. The
authors suggest that these results are not only due to
differences in anthropogenic pressures but also to the
hydrological characteristics of each site under study,
since one has greater influence from marine water,
which in turn reduces the suspended sediment load,
directly affecting the food source of Oysters. These
results are evidence that studies that aim to determine
the effect of sewage discharges on the mangrove food
web should involve or consider the hydrology and
geomorphology of the systems.

The previous studies showed that systems with less
circulation (intermittently open) incorporate nitrogen
from sewage discharges along the entire food web
(Hadwen & Arthinton, 2007). Deep (Samper-Vil-
larreal et al., 2018) or open circulation sites (Souza
et al., 2018) will initially exhibit '° N enrichment in
their primary producers and with time anthropogenic
nitrogen will also be incorporated into other food
web constituents, including top consumers (Samper-
Villarreal et al., 2018). According to this, Pitt et al.
(2009) studied the effects of wastewater treatment
plant upgrades on the utilization of sewage-N by
mangrove—estuarine primary producers (filamentous
algae and mangrove leaves) and consumers (shore
crabs) using 8N values. The authors concluded
that although the total N discharged into the study
sites decreased by more than 80% after the upgrades
had occurred, the 8'°N values of mangrove leaves
remained elevated in all rivers, indicating that sew-
age-N remained a major source for mangroves, either
from sewage discharges or from N accumulated in the
sediments over many years.

The mobility of toxic trace elements (Cr, As, Cd,
and Pb) from sewage discharges via terrestrial and
marine anthropogenic activities and its relation-
ship with 8'N was studied on mangrove food webs
of Puloh River in Malaysia (Zulkifli et al., 2016).
Through the study of the giant mudskipper [Perioph-
thalmodon schlosseri (Pallas, 1770)], a carnivorous
fish living in mudflats and mangrove ecosystems, the
authors used 8'°N values to assess the impact of bio-
magnification of toxic trace elements in food webs of
mangrove creeks. The authors suggested that biomag-
nification was possibly occurring due to the increase
of trophic levels and compared the 8'°N values with
the concentration of selected toxic trace elements
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of each biological sample. The study concluded
that the mobility of toxic trace elements is strongly
related with 8'°N values. The significant relationship
between both parameters served as a tool to prove that
biomagnification occurs in the mangrove forest under
study.

The results of the previous studies suggest that
8N values are good indicators of changes in man-
grove ecosystem water quality, since nutrient enrich-
ment can lead to elevated '°N. Therefore, this param-
eter can be used to distinguish between clean and
polluted mangrove aquatic systems. By demonstrating
that the highest 8'>N values in a mangrove ecosystem
are associated with anthropogenic discharges, the
effect of these on the trophic dynamics of the ecosys-
tem can be evaluated with such markers. Mangroves
of impacted systems incorporate anthropogenic nitro-
gen of higher 8'°N values into their tissues, therefore
these plants could be used to distinguish between
clean and polluted mangrove estuaries. Sewage dis-
charges modify the structure of mangrove food webs,
deteriorating their food web’s function and ecosystem
services. For a better understanding of the effect of
sewage discharges on mangrove food webs, it is nec-
essary to develop studies in mangroves from different
regions around the globe, including diverse patterns
of geomorphology and environmental settings and
involving seasonal variations.

Timber harvesting and deforestation

Within selected papers, studies evaluating the effect
of timber harvesting and/or deforestation on man-
grove food webs using stable isotopes were less
compared to those that evaluated sewage discharges
(Viana et al., 2015; Fraga et al., 2018; Mwandya,
2019; Then et al., 2020; Medina-Contreras et al.,
2021). Some specifically analyzed the effect of defor-
estation and timber harvesting on the structure of
mangrove food webs (Viana et al., 2015; Fraga et al.,
2018; Mwandya, 2019; Then et al., 2020), while oth-
ers list timber harvesting as one of the anthropogenic
activities that characterize a highly impacted man-
grove (Medina-Contreras et al. 2021) in a comparison
of their aquatic communities’ trophic structure with
that of less affected mangrove systems.

In the Pacific of Panama the effect of watershed
deforestation on food webs within the receiving man-
grove estuaries was evaluated (Viana et al., 2015).
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This study was developed in eight tropical mangroves
that received inputs from watersheds with different
percentages of deforestation (23%, 29%, 47%, 73%,
91%, and 92%) where the isotopic values (8'°C and
8°N) of consumers (fish and invertebrates) were
compared. The results suggest that '°C and §'°N
values of consumers tissues collected from the estu-
aries with different percentages of deforestation were
remarkably similar. Although a subtle difference in
stable isotopic values of some consumers was found,
the links to watershed deforestation were not evident.
Due to the components of the food web being col-
lected at the mouth of the mangrove estuaries, their
isotopic signals were not affected by the degree of
deforestation of the contributing watershed.

However, the authors point out that although the
effect of deforestation could not be evidenced in the
consumers’ isotopic composition, the impact of these
ecosystems by deforestation cannot be ignored. In
these same Panamanian estuaries, the deforestation
degree significantly affected amounts of dissolved and
particulate materials released into the fresh reaches.
It appears that the biogeochemical transformations
taking place within mangrove estuaries are power-
ful enough to erase the footprint of the contributing
watershed during the transit of waters and materials
downstream (Viana et al., 2015). The analysis of con-
sumers from the mudflats and forests may have evi-
dence of the effect of deforestation on the mangroves’
food webs.

The other study directly focused on timber harvest-
ing—deforestation and used a multi-isotope approach
(613C, 8N, and O0D) to trace ecosystem responses
to forest clearing and replanting in a tropical man-
grove forest reserve at Matang, Malaysia (Then et al.,
2020). This study sampled four macroinvertebrate
taxa (barnacles, prawns, gastropods, and crabs) in
mangrove forests of different ages, including a refer-
ence site that has experienced little harvesting. The
objectives were to determine whether a multi-isotope
approach could track ecological changes of mangrove
functional support of food webs and determine the
timing of isotopic shifts that signal critical transitions
in restoration success.

Unlike research in Panamd, this study (Then
et al., 2020) could determine differences in the food
web due to a deforestation gradient of 70 years.
A functional food web recovery was indicated by
a decrease in 8'°C and 8N, as well as an increase

in dD for gastropods and crabs in older forests. For
the benthic mangrove food webs, the 8'*C and 8D
values were practical for tracking changes in for-
est floor resources. For example, the open younger
forests (0-5 years) received high sunlight exposure
which likely promoted benthic microalgae growth
and increased utilization of microalgal food sources
(including phytoplankton) caused higher 8'*C and
lower 8D values in tissues of gastropods and crabs.
The study also concluded that the time of a mangrove
food web recovery is between 5- and 15-year post-
clearing of mangroves.

In another study, changes in benthic macrofaunal
assemblages and food webs at a deforested mangrove
and natural site in a tropical estuary in Eastern Brazil
were evaluated (Fraga et al., 2018) using 8'°C val-
ues. The results suggested that benthic assemblage
composition, infaunal 8'3C signatures, and food web
diversity markedly differed at the impacted site being
strongly related to sedimentary changes. The authors
concluded that large-scale mangrove forest clearing
may impact estuarine food webs, with potential con-
sequences to nearby coastal ecosystems.

Finally, 8'3C and 8N values from undisturbed
mangrove creeks were compared with clear-cut areas
of mangroves to understand the effects of deforesta-
tion on trophic structure of mangrove-associated fish
species, in Makoba and Chwaka Bays, Tanzania
(Mwandya, 2019). Results suggest that stable isotope
values (8'°C and 8'°N) in fish muscles indicated sig-
nificant diet shifts between undisturbed and disturbed
mangrove creeks, although the effects were species
specific. For example, Mugil cephalus Linnaeus,
1758 collected from unforested mangroves had sig-
nificantly lower '3 N values than individuals collected
in forested mangroves, due to a change in diet from
omnivore to herbivore. Similarly, lower 5N values in
samples of Gerres oyena (Forsskal, 1775) from dis-
turbed creeks indicate a change from a fish-based diet
to increased benthos. In accordance with Medina-
Contreras et al. (2021) and Then et al. (2020), the
results obtained (Mwandya, 2019) indicated that
mangrove deforestation has a greater impact on the
trophic structure of mangrove creeks’ fish communi-
ties. The authors also suggest that in conjunction with
land-use changes, the effects of deforestation on the
trophic structure of mangrove fish communities is
exacerbated (Mwandya, 2019). According to the pre-
vious papers, isotopic values of consumers’ tissues
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are functional indicators of ecosystem changes occur-
ring in food webs, vegetation cover, and soils.

Metallurgical activities

The effect of the deposition of residues from metal-
lurgical activities on mangrove food webs through
stable isotopes was analyzed through two studies
(Souza et al., 2018, 2021) from Brazil. The articles
hypothesized that the evaluation of multiple stable
isotopes in mangrove ecosystems allows for linking
anthropogenic activity to different levels and sources
of contamination. The authors employed volatile sta-
ble isotopes (8'3C, 8'°N) which are commonly used
for the evaluation of pollutant plumes in ground-
water and non-volatile stable isotopes (87Sr/86Sr,
206Pb/207Pb and 208Pb/207Pb) which used less fre-
quently. These isotopes were measured in sediments,
mangroves, plankton, shrimps, crabs, oysters, and fish
from three mangrove areas with different levels of
anthropogenic impact and sources of contamination.
According to this research (Souza et al., 2018), the
combined use of both volatile and non-volatile stable
isotopes is uncommon but highly valuable for identi-
fying sources of environmental contaminants in estu-
arine mangrove systems affected by anthropogenic
and industrial pollution (Souza et al. 2018).

The analysis of 206Pb/207Pb and 208Pb/207Pb
ratios confirmed that the Pb isotope values in all
sampling sites were similar to sites with typical met-
allurgical activities (Souza et al., 2018, 2021). The
authors suggest that this result is due to the presence
of anthropogenic aerosols containing Pb from indus-
trial sources, such as mining, smelting, coal burning,
crushing, grinding, separation, refining, and residue
management. One of the three study sites exhib-
ited the highest Pb isotopic ratios (206Pb/207Pb and
208Pb/207Pb) for sediment, mangroves, and crabs
due to the presence of solid waste from metallurgical
activities, affecting mainly sediments and the benthic
components of the food web. Finally, the study con-
cludes that three out of five measured isotopic ratios
(206Pb/207Pb; 815N and 87Sr/86Sr) were sufficient
to indicate differences between the studied areas, and
as metal/metalloid contamination can originate from
several sources, stable isotope ratios have been used
to identify the origin (source) of metals and metal-
loids in the mangrove food webs (Souza et al., 2018).
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Additionally, most metals were biomagnified
through the mangrove food web and were found
in all trophic levels (Souza et al., 2021). Due to the
similar trophodynamics of non-polluted and polluted
mangroves and the unequal transfer patterns in other
cases, the effectiveness of '°N to study food webs
with aquatic biota affected by anthropogenic contami-
nants is questionable.

Hydrological disruption

The effects of hydrological disruption caused by
anthropogenic activities on mangrove food webs
using stable isotopes were analyzed in a single study
(Lopez-Rasgado et al., 2016) in the Gulf of Califor-
nia, where mangrove systems are under serious threat
due to the construction of shrimp farms and tourism
development. Here the authors examine the relation-
ship between the degree of anthropogenic modifi-
cation of three mangrove systems and the isotopic
trophic structure of the dominant fish community.
The study areas included a natural system that has
not been subject to habitat modification, a slightly
impacted mangrove by possible urban expansion, and
a highly impacted mangrove with a severe limitation
of water exchange with the adjacent bay due to road
construction and heavily modified by anthropogenic
activities.

The results indicate that 8'3C values of most fish
caught within the highly impacted mangrove were
greater than those in systems impacted at a lesser
degree (Lopez-Rasgado et al., 2016). The hydrologi-
cal disruption may lead to a high dependence of the
fish community on autochthonous carbon. As indica-
tive of high functional trophic redundancy and a more
compact food web, the fish community collected
in the most pristine mangrove system exhibited the
smallest isotopic niche space. In contrast, the highest
niche space was found in the mangrove with hydro-
logical disruption, the broadest functional trophic
diversity, and lowest trophic redundancy (Lopez-
Rasgado et al., 2016). This result coincides with what
was found in tropical mangroves, where the largest
fish isotopic niche was also found in the mangrove
system with greater intervention in contrast to less
impacted systems (Medina-Contreras et al., 2021).

In contrast to most of the studies reviewed in
the present paper (Hadwen & Arthington, 2007;
Samper-Villarreal et al., 2018; Souza et al., 2018;
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Medina-Contreras et al., 2021), the 8N isotopic
values found in fish tissues from highly impacted
mangroves exhibited relatively low nitrogen isotope
ratios compared with those from the less impacted
mangroves. 8'°N values reflect only the input of fixed
nitrogen into the system, which is consistent with the
presence of cyanobacteria. According to the authors
(Lopez-Rasgado et al., 2016), hydrologic restrictions
between mangrove systems and the ocean lead to the
decline in the abundance of flora (macroalgae) that
provide important habitat for marine fauna and alters
the dynamics of prey populations, larvae, and juve-
niles. The lower structural diversity of the fish com-
munity sampled in the hydrologically disrupted man-
grove was associated with a broader isotopic niche
space and less trophic redundancy (Lopez-Rasgado
etal., 2016).

Finally, the authors (Lépez-Rasgado et al., 2016)
concluded that anthropogenic degradation of man-
grove habitat generates fundamental changes in food
web structure. The anthropogenic activities that
impact fish habitat quality and their functional trophic
diversity in mangroves should be assessed using sta-
ble isotopes. These markers may also be useful for
monitoring ecological recovery after habitat restora-
tion (L6pez-Rasgado et al., 2016).

Aquaculture ponds

Coastal aquaculture expansion resulted in mangrove
area loss and ecosystem degradation in past decades.
But, what about its effects on mangrove food web
structure and function? The use of stable isotopes to
evaluate the effects of aquaculture ponds on mangrove
food webs is analyzed in this opinion paper through
two research papers: one from Tanzania (Mwandya,
2019) and one from China (Herbeck et al., 2021). In
the study carried out in China, the effects of aqua-
culture ponds were evaluated in different sections of
an estuarine system. Mangroves were mostly associ-
ated to the river and inner estuary, where in general
higher >N values were found in comparison to those
of the outer estuary where the authors suggest that
the effect of aquaculture nitrogen discharges is less
detectable (Herbeck et al., 2021). However, °N is
significantly higher in all areas of the estuary, but the
highest increase was found between the river site and
the inner bay. In general, 8'°N values of all trophic
levels were strikingly high and located at the higher

end of the worldwide range for estuaries, indicating
that the aquaculture-derived nitrogen is then trans-
ferred through the entire planktonic and benthic estu-
arine food web (Herbeck et al., 2021). Authors finally
concluded that 8'°N is a useful indicator to assess the
cumulative effects of aquaculture sewage on a man-
grove—estuarine food web scale.

The Tanzania study does not specify the effects
of aquaculture ponds on the food web studied, since
the work focused on the effect of deforestation. How-
ever, the authors reported a dietary shift related to
a change in the availability of food sources due to
mangrove creek disturbance (see Timber harvest-
ing and deforestation section). This evident impact
on the mangroves’ trophic dynamics is exacerbated
by the change of land use to aquaculture ponds, indi-
cating that a combination of mangrove deforestation
and construction of fish farms negatively affects fish
assemblages and functional groups. Moreover, the
recovery of mangrove food web attributes is less
likely when these two human activities are combined.

Urban development

The effects of urban development on mangrove food
webs were evaluated through the study of juvenile
penaeid shrimp abundance and their dietary depend-
ence (mangrove plant-based pathways vs. marine
pathways) in two locations (mangrove and a non-
mangrove pools) adjacent to an urban development
using stable isotopes (8"3C and 8"N) (Sheaves et al.,
2007). Urban development in these areas is generally
associated to harvesting of fish and shrimp, regular
grass fires, and the development of an extensive trail
network. Based on the abundance results, this paper
concluded that although situated in a highly urban-
ized area, the wetland under study provides an impor-
tant habitat for juvenile penaeid shrimps, includ-
ing 5 commercial penaeids species, highlighting
the functionality of mangroves, even those that are
highly impacted by human activities. Based on 8'*C
values both marine and wetland primary producers
were important to the nutrition of juvenile shrimps.
The substantial differences in nitrogen sources in the
study pools indicated by different 5'°N values may
be signs of increasing anthropogenic nutrient inputs.
This paper provides an initial step for the assessment
of the ecological value of urbanized tropical coastal
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littoral wetlands as habitats of juvenile commercial
penaeid shrimps and highlights their increasing value.

Conclusion

Based on the results of the studies reviewed in this
article and the conclusions given by the authors, sta-
ble isotopes are useful tools to address research that
aims to evaluate the effect of different anthropogenic
activities on the structure and function of mangrove
food webs.

Anthropogenic influences on nutrient inputs into
mangrove creeks and estuaries, specifically the ele-
vation of nitrogen levels, could potentially alter the
structure and function of mangrove food webs. The
nitrogen isotope (8'°N) analysis has emerged as an
effective way of exploring the uptake of anthropo-
genic N in mangrove ecosystems. According to the
papers reviewed here, it was useful in identifying sys-
tems subject to contamination by sewage discharges,
in some cases enriching the nitrogen isotopic signal
in various constituents of the food web and along the
different trophic levels and in other cases only at the
level of primary producers. Furthermore, the identifi-
cation of nutrient enrichment is needed for the man-
agement of mangrove systems. Its identification along
the food web can assist in the evaluation of the eco-
logical responses to anthropogenic sources of nutri-
ents. The use of sessile invertebrates and fish species
with a small home range could be more suitable to
study this topic, combining isotopic measurements
(8"N) with traditional nutrient and water transpar-
ency measurements.

The results of the studies analyzed suggest that the
natural hydrology of mangrove systems could deter-
mine if anthropogenic nitrogen will be assimilated
throughout the food web or only at a primary produc-
ers’ level. As demonstrated in the reviewed research,
mangrove systems with naturally restricted water cir-
culation are more susceptible to the incorporation of
anthropogenic nitrogen along all the constituents of
their food webs, evidenced by the enriched values of
15 N in their tissues. It is also important to consider
the natural abundance of the nitrogen isotope in a sys-
tem with pristine conditions, which is why research-
ers compare systems affected by sewage discharges
with similar systems that have not been affected by
sewage discharges. This is because nitrogen baselines
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vary depending on the environmental characteristics
of each mangrove system. It is important to clarify
that although several studies use 8'°N as a tool to
evaluate water quality, few studies have investigated
the uptake and assimilation of !> N-enriched sewage
effluents through the entire food web.

A direct proportional strong relationship between
the biomagnification of toxic trace elements (Cr, As,
Cd, and Pb) from sewage discharges via land and sea
human activities and §'°N was identified in one of the
reviewed studies. For further evidence, more stud-
ies are required, as well as the comparison with sites
not impacted by wastewater discharges. However, it
indicates to another potential variable of which 8'°N
could be a useful marker.

Not in all cases, mangroves highly affected by
anthropogenic activities will exhibit enrichment
of I N in the tissues of food web constituents. For
example, in the study that evaluated the effect of
hydrological disruption on mangrove food webs, a
decrease in 8'°N was evidenced due to the restriction
of water flow, because the predominant primary pro-
ducers were autochthonous and corresponded mainly
to cyanobacteria. It is important to consider that there
are mangrove systems naturally enriched or depleted
in 1> N, therefore this condition as well as the compo-
sition of predominant primary producers will deter-
mine 8'°N baseline values in case of a hydrological
disruption. Also, in another study that evaluated the
effect of deforestation, individuals of Mugil cephalus
collected from deforested mangrove sites had sig-
nificantly lower ' N values than those collected in
near-pristine mangrove forests, due to a change in diet
from omnivore to herbivore. Similarly, lower 15N val-
ues in samples of Gerres oyena from disturbed creeks
suggest a change from a fish diet to a benthos diet.
The previous results indicate a dietary shift related
to a change in the availability of food sources due to
mangrove creeks disturbance.

Isotopic carbon values (8'3C) provide evidence of
differential use of basal resources by anthropogeni-
cally impacted mangrove consumers and their coun-
terparts. For example, in a mangrove with hydro-
logical disruption, fish tissues were '’C enriched
compared with mangroves without hydrological
disruption, indicating the consumption of autochtho-
nous sources (cyanobacteria) and without differences
between climatic seasons. In tropical mangroves
of Colombia, fish tissues from a mangrove system
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impacted by timber harvesting were °C enriched
compared to those from less impacted systems, due to
greater consumption of benthic microalgae. Similarly,
in Malaysia, 8'*C was an indicator of the gradient of
temporal deforestation as mollusk and crustacean tis-
sues were enriched in '*C due to the consumption of
benthic microalgae, which proliferate in highly frag-
mented systems compared to systems less impacted
by timber harvesting. Additionally, based on &'°C
values, one of the studies concluded that large-scale
mangrove forest clearing may impact estuarine food
webs, with potential consequences to nearby coastal
ecosystems. This conclusion extends the scope of the
interpretation of the results obtained with this marker.

The deuterium isotope (8D) presented the contrary
pattern with '*C-enriched values in consumers from
less fragmented forests. The authors of the papers
reviewed agree that the carbon isotope is useful for
understanding how anthropogenic activities affect
consumption patterns of primary sources by different
consumers. These results are useful for the manage-
ment of resources of fishing importance in mangrove
areas impacted by human activities, capable of indi-
cating shifts in food web isotopic signals can also be
determined based on the deforestation of the forest.

Concerning the effect of waste from metallurgi-
cal activities, Pb isotopic ratios (206Pb/207Pb) were
sufficient to identify the origin of metal/metalloid
contamination in mangrove food webs. However,
this topic requires further investigation. Moreover,
one conclusion addressing metallurgical activities is
highlighted: a combination of techniques and compo-
nents could be used as a comprehensive toolkit for the
study of mangrove systems affected by anthropogenic
pollution (See Souza et al., 2018).

Finally based on their size, most fish (See Lopez-
Rasgado et al., 2016; Mwandya, 2019; Medina-Con-
treras et al., 2021) and shrimps (See Sheaves et al.,
2007) caught in the mangrove systems under study
were juveniles, regardless of the anthropogenic inter-
vention level. This result suggests that despite the
modification of structure patterns and function in
mangrove food webs by anthropogenic intervention,
their nursery function is still maintained, indicating
the high resilience of these ecosystems and highlights
the ecological importance of such habitats. Finally,
most of the mangrove areas studied in the reviewed
papers are important fishing areas, offering food secu-
rity and livelihood for human local communities.

Therefore, impacts on their food web functions and
structure endangers their role as a food providers.
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