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• Health status of wild oysters, deter-
mined in Caribbean mangrove condi-
tions

• A toolbox of non-sophisticated biologi-
cal effects endpoints was applied.

• Signs of ecosystem health disturbance,
related to contaminants and sewage

• Approach suitable for assessing health
disturbance in mangrove-lined coastal
ecosystems

• Mangrove cupped oysters, proper senti-
nels for tropical coastal biomonitoring
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This investigation was aimed at contributing to develop a suitable multi-biomarker approach for pollution mon-
itoring in mangrove-lined Caribbean coastal systems using as sentinel species, the mangrove cupped oyster,
Crassostrea rhizophorae. A pilot field study was carried out in 8 localities (3 in Nicaragua; 5 in Colombia), charac-
terized by different environmental conditions and subjected to different levels and types of pollution. Samples
were collected in the rainy and dry seasons of 2012–2013. The biological effects at different levels of biological
complexity (Stress-on-Stress response, reproduction, condition index, tissue-level biomarkers and histopatholo-
gy) were determined as indicators of health disturbance, integrated as IBR/n index, and compared with tissue
burdens of contaminants in order to achieve an integrative biomonitoring approach. Though modulated by nat-
ural variables and confounding factors, different indicators of oyster health, alone and in combination, were re-
lated to the presence of different profiles and levels of contaminants present at low-to-moderate levels.
Differentmixtures of persistent (As, Cd, PAHs) and emerging chemical pollutants (musk fragrances), in combina-
tion with different levels of organic and particulatematter resulting from seasonal oceanographic variability and
sewage discharges, and environmental factors (salinity, temperature) elicited a different degree of disturbance in
ecosystemhealth condition, as reflected in sentinel C. rhizophorae. As a result, IBR/nwas correlatedwith pollution
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indices, even though the levels of biological indicators of health disturbance and pollutants were low-to-
moderate, and seasonality and the incidence of confounding factors were remarkable. Our study supports the
use of simple methodological approaches to diagnose anomalies in the health status of oysters from different lo-
calities and to identify potential causing agents and reflect disturbances in ecosystem health. Consequently, the
easy methodological approach used herein is useful for the assessment of health disturbance in a variety of
mangrove-lined Caribbean coastal systems using mangrove cupped oysters as sentinel species.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Mangrove ecosystems are threatened by a combination of natural
disasters, tourism, aquaculture, deforestation and chemical pollution
(Bayen, 2012; Lewis et al., 2011). In mangroves of the Wider Caribbean
Region (WCR, UNEP Regional Seas Programme), pollution monitoring
programmes have been carried out since the 1970′s to determine the
concentrations of pesticides and other persistent organic pollutants
(POPs), PAHs and metals in seawater, sediments, seafood and in bio-
monitor species (Fernandez et al., 2007; Sericano et al., 1995). Particu-
larly, mangrove cupped oysters (Crassostrea rhizophorae) have been
proposed as biomonitors for pollution monitoring in mangrove ecosys-
tems (Aguirre-Rubí et al., 2017; Silva et al., 2006).

Marine pollution monitoring cannot be based solely on chemical
data because these do not provide any indication of the magnitude of
deleterious effects exerted to biota and ecosystems by combinations of
pollutants in multiple stress scenarios (Allan et al., 2006; Cajaraville
et al., 2000). Consequently, it is recommended to include both chemical
and biological effects endpoints in pollution monitoring programs
(ICES, 2011, 2012). Thus, biomarkers are “early warning signals” com-
monly used to assess the biological effects exerted by mixtures of
chemicals on sentinel species in complex environmental conditions
(Cajaraville et al., 1993; Marigómez et al., 2013); which have recently
become an integral component of environmental monitoring
programmes in several countries (Schettino et al., 2012).

“Biological effects” monitoring based on the biomarker approach is
not currently being carried out in the Caribbean coastal zone. Although
information about the biological effects exerted by chemical pollutants
on mangrove oysters is gaining attention (Alves et al., 2002; Maranho
et al., 2012; Rebelo et al., 2003; Zanette et al., 2008), the monitoring ca-
pacities and facilities inmanyWCR countries can be far away from those
required to conduct sophisticated andmost-advanced biomarker-based
monitoring using oysters as sentinels. However, as very recently stated
by Blaise et al. (2016), effortless and low cost biomarkers can provide
basic knowledge on animal health andwater quality and are technically
achievable everywhere. Accordingly, and aware of the technical and lo-
gistic limitations (e.g., dealing with limited accessibility and difficulties
for secure sample transportation and quality in situ processing), a tool-
box of biological effects endpointswas selected to assess the potential of
the mangrove cupped oyster, C. rhizophorae, as sentinel for pollution
monitoring in Caribbean mangroves and coastal zones. This toolbox in-
cluded undemandingmeasurements of responses at population and in-
dividual level, and histopathological analyses; these latter allow scoring
responses at systemic and tissue levels on the basis of low-cost, solid
and straightforward technology.

The Stress-on-Stress (SoS) response has been recommended by ICES
(2012) formonitoring programmes as an indicator ofmussel health sta-
tus (Hellou and Law, 2003). The successful application of SoS response
as biomarker for environmental monitoring in mussels led to its subse-
quent wider application to other bivalve species, especially in subarctic
and temperate regions (Blaise et al., 2016). SoS response is a cost-
effective test, inwhich the capacity of bivalves to survive on air is scored
as a measure of resilience (Smaal et al., 1991; Veldhuizen-Tsoerkan
et al., 1991; Viarengo et al., 1995). It has been applied in the field to de-
tect effects of urban discharges to estuarine and coastal waters using
both native (Hellou and Law, 2003) and transplanted mussels (Moles
and Hale, 2003), as well as for assessing oil spill impact (Thomas et al.,
1999) and in laboratory experiments (Eertman et al., 1995;
Veldhuizen-Tsoerkan et al., 1991; Viarengo et al., 1995). It is not as sen-
sitive as some core biomarkers of general stress (e.g. lysosomal mem-
brane stability) but is more sensitive than others and its methodology
is simple, rapid and low-cost (Viarengo et al., 1995). Flesh Condition
Index (FCI) reflects the physiological status of bivalves and it has been
reported that it is reduced on exposure to chemical pollutants
(Mubiana et al., 2006). SoS response and FCI are considered low-cost
biomarkers that are easy to be appliedwith littlemonetary or logistic in-
vestment (Blaise et al., 2016).

Gamete development and gonad histopathology were included in
the toolbox of biological effects endpoints because the gametogenic
cycle is a backbone reference to understand health condition and the bi-
ological effects of pollutants, and because changes in normal gameto-
genic cycle and reproduction disturbances (e.g. intersex) are well-
known biological effects of chemical pollutants (Ortiz-Zarragoitia and
Cajaraville, 2010; Ortiz-Zarragoitia et al., 2011). Finally, digestive
gland histopathology was also incorporated into the toolbox, because
a wide range of contaminants, including metals, pesticides and PAHs,
is known to provoke histopathological alterations in this tissue (Au,
2004; Bignell et al., 2012; Garmendia et al., 2011; Kim and Powell,
2007; Kim et al., 2008).

For the purpose of contributing to develop a suitable multi-
biomarker approach for pollution monitoring in Caribbean mangroves
and coastal zones using as sentinel species themangrove cupped oyster,
C. rhizophorae, a pilot field study was carried out in 2012–2013 in 8 lo-
calities (3 in Nicaragua and 5 in Colombia) characterized by different
levels and types of pollution. Samples were collected in the rainy and
dry seasons of 2012–2013. Results describing the tissue levels of pollut-
ants were published in a preceding paper (Aguirre-Rubí et al., 2017), in
which the suitability ofmangrove cupped oysters as biomonitors for Ca-
ribbean mangroves and coastal zones was confirmed. In the present in-
vestigation, the biological effects at different levels of biological
complexity (stress on stress response, reproduction, condition index,
tissue-level biomarkers and histopathological condition) were deter-
mined, integrated as IBR/n index (Beliaeff and Burgeot, 2002; Broeg
and Lehtonen, 2006;Marigómez et al., 2013), and comparedwith tissue
burden of chemical pollutants (Aguirre-Rubí et al., 2017) in order to
achieve an integrative biomonitoring approach.

2. Material and methods

2.1. Sampling sites and sample collection

Different representative scenarios of mangrove ecosystems from the
Caribbean were selected. In Nicaragua, subtidal (b1 m depth) oyster
reefs were sampled in two localities (Fig. 1a): Bluefields (sampling
sites: Punta Lora andHalfWay Cay) and Pearl Lagoon (sampling site: Pi-
geon Cay). Punta Lora was considered as a prospective reference site
(remote from urban settlements) whilst Half Way Cay and Pigeon Cay
were selected as potentially polluted areas influenced by aquatic trans-
port and urban discharges (GEF-REPCar, 2011; Ebanks-Mongalo et al.,
2013). In Colombia, intertidal prop roots of red mangrove trees
(Rhizophorae mangle) were sampled in Cartagena Bay and Barbacoas
Bay (Fig. 1b) and in Taganga Bay (Fig. 1c), and intertidal rocky habitat
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in Santa Marta Bay (Fig. 1c). In Cartagena Bay, a mangrove-lined islet
200 m north of Isla Maparadita (0.5 km offshore the Terminal of Carta-
gena Port) and Isla Brujas were selected as seemingly polluted sites, as
shown in previous studies (Vivas-Aguas et al., 2010, 2014). Isla Brujas
is an islet adjacent to the industrial zone ofMamonal (oil refineries, pet-
rochemicals, and asphalt, cement and smeltingplants) that also receives
the direct impact of the Dique Channel. This channel was dug five cen-
turies ago to connect the Magdalena River with the Cartagena Bay for
navigation and constitutes a major source of sediments and chemical
pollution to Cartagena Bay (Vivas-Aguas et al., 2014). In addition, Isla
Barú in Barbacoas Bay was selected as a putative reference site; howev-
er, it is also subjected to discharges from the aMagdalenaRiver towhich
it communicates by smaller channels via the Dique Channel since the
1950′s (Gómez-Giraldo et al., 2009). In Santa Marta Bay, the Marina of
Santa Marta was selected as a sampling site subject to strong anthropo-
genic influence (García et al., 2012). The nearby Taganga Bay was cho-
sen a priori as a reference site. Sampling was carried out over one year
(2012–2013) in the rainy season (October 2012) and in the dry season
(March 2013). Environmental conditions and anthropogenic impacts
and contamination were different between Nicaraguan and Colombian
sampling sites, as well as among localities within each study area
(ESM 1). In parallel, the levels of a variety of pollutants in each locality
were determined (Aguirre-Rubí et al., 2017). Briefly, low tissue concen-
trations of metals (e.g., Ag, As, Pb, Cd) and PAHs, moderate-to-high tis-
sue concentrations of Hg, HCHs, DDTs, detectable levels of chlorpyrifos,
PCBs and BDE85 (in Pigeon Cay) and negligible levels of musks were re-
corded in Nicaraguan oysters. The profile of POPs was different in the
oysters from the Colombian localities where (a) the tissue concentra-
tion of HCHs, chlorpyrifos, PCBs and PBDEs were in the range of non-
detected to low; (b) noticeable tissue concentrations ofmusk fragrances
were recorded in the dry season; and (c) the levels of Ag, As, Pb, Cd, and
PAHs in several localities ranged from moderate to extremely high.

Up to 85 mangrove cupped oysters (Crassostrea rhizophorae) were
simultaneously collected per sampling site, of which 25 were used for
the chemical assessment (Aguirre-Rubí et al., 2017) and the remaining
60 for biological effects analyses presented herein. Upon collection, oys-
ters were placed in 15 L plastic boxes (2 individuals/L) in seawater at
ambient temperature and transported to the laboratory (for 3–6 h) be-
fore processing. Due to logistic problems, sampling could not be con-
ducted in Pigeon Cay during the dry season.

2.2. Condition and histopathology

2.2.1. Stress on stress (SoS) test
The time until 50% mortality (LT50) was calculated by means of the

“survival-in-air” SoS test (Veldhuizen-Tsoerkan et al., 1991; Viarengo
et al., 1995). For this purpose, 30 oysters from each site and sampling
period were placed over wet paper on plastic trays at constant room
temperature and 100% humidity. Survival was assessed daily and oys-
ters were considered to be dead when their valves gaped and failed to
close when they were physically stimulated, or simply presented a
bad smell.

2.2.2. Flesh condition index
Shell length (L) was determined as the length in mm of the largest

valve (the long axis measured to the nearest 0.1 mmwith Vernier calli-
pers; Dame, 1972). Flesh condition index (FCI) was intended to be de-
termined as FDW/SDW, where FDW is the flesh dry weight (soft parts
Fig. 1. Caribbean coastalmaps fromNicaragua and Colombia, showing the localities where
oysters Crassostrea rhizophorae were collected in 2012–2013. Nicaraguan coast: Pigeon
Cay (12°21′42.50″N-83°38′32.11″W); Half Way Cay (11°59′58.73″N-83°43′28.24″W)
and Punta Lora (11°54′21.02″N-83°44′58.68″W). Colombian coast: Isla Barú (10°10′
56.02″N-75°38′21.74″W); Isla Brujas (10°19′59.07″N-75°30′47.24″W) and Isla
Maparadita (10°22′21.09″N-75°30′48.65″W) in Cartagena Bay and Marina Santa Marta
(11°14′31.59″N-74°13′05.24″W) and Taganga (11°16′07.68″N-74°11′37.37″W) in Santa
Marta Bay.
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dried at 105 °C and weighed to the nearest 0.1 mg; Lobel and Wright,
1982) and SDW is the shell dry weight (dried at room temperature
and measured in g; Crosby and Gale, 1990). However, this method
was only applied in Colombian oysters because SDWcould not be prop-
erly determined in Nicaraguan oysters as their shells were often broken.
Instead, alternative estimates of SDW and L were obtained on the basis
of shell cavity volume (SCV) values upon applying model functions
(Crosby and Gale, 1990) adjusted to local population traits; as derived
from direct SDW and L measurements carried out only in a particular
set of selected (unbroken) oysters collected in the three Nicaraguan lo-
calities in October 2013. SCV was determined according to Rebelo et al.
(2005). Briefly, moulds of the shell internal cavity were made using
plasticine and introduced into a water-filled glass column to verify
water displacement. Displaced water dripped through a tap in the col-
umn and was collected in a Petri dish over a balance; SCV (expressed
in mL) was calculated via the mass of the displaced water; thus, FCI
= FDW/SCV = 100 × FDW (g)/SCV (mL) (Scott and Lawrence, 1982).
This alternative methodwas decided after the 2012 sampling campaign
and therefore it could not be applied to Colombian oysters collected in
2012. Thus, it was decided to keep on using FDW/SDW in Colombia
and FDW/SCV in Nicaragua for inter-seasonal comparisons at regional
scale and to calculate FDW/L as an oyster FCI suitable for inter-
regional comparisons. Moreover, using L as the reference to construct
condition indices in oysters (e.g. FDW/L or FDW/L3; Hellou et al.,
2003) overcomes uncertainties associated to unpredictable variations
in SDW and difficulties resulting from inaccurate SCV determinations
(Blaise et al., 2016).

2.2.3. Histology and histopathology
Upon dissection of their soft body (N = 20 oysters/sample), central

cross-sectioned slices (3–5 mm thick, including digestive gland, gonad,
mantle and additional tissues) were fixed in Davidson's fixative for 48 h
and paraffin embedded. Microtome sections (5 μm) were obtained
using an automated rotary Leica RM 2255 microtome (Leica
Microsystems, Nussloch, Germany), stained with haematoxylin-eosin
and examined under the light microscope (Olympus BX61; Tokyo,
Japan) for gamete development determination and histopathological
diagnosis (Kim et al., 2006).

2.2.4. Gamete development and reproductive disturbance
Gamete developmental stages were examined microscopically.

Slides of 20 oysters per sample were examined individually under the
light microscope using 10× and 20× objective lenses. The sex of each
animal was recorded and the total number of female and male oysters
was calculated for each sampling time and locality, and with these
data, the sex ratio was calculated. Further on, the sex ratio index (SRI)
was calculated as the G value of females-to-males ratio (F:M) upon
the gross assumption of theoretical F:M ratios (after Vélez, 1982) of
2.3:1 in Nicaragua rainy season, 1:1 in Nicaragua dry season and
Colombia rainy season, and 1:1.3 in Colombia dry season. Intersex
index (IXI) was calculated as the prevalence of intersex (and hermaph-
roditic) individuals at each locality and season. The prevalence of gam-
ete developmental stages was determined upon scoring thematurity of
the follicles and gametes according to Kim et al. (2006); and also a
gonad index (GI) value was assigned (modified after Ortiz-Zarragoitia
and Cajaraville, 2010): 1 = undifferentiated (GI = 0); 2 = early devel-
opment (GI = 1); 3 = mid development (GI = 2); 4 = late develop-
ment (GI = 4); 5 = full development (GI = 5); 6 = early spawning
(GI = 3); 7 = advanced spawning (GI = 2) and 8 = post-spawning
(GI = 1). Gamete mass index (GMI) was calculated as the log ratio of
the sum of the prevalence of developmental stages 2–5 (gonad tissue
growth) to the sum of the prevalence of stages 6–8 (gonad tissue
loss). Undifferentiated index (UDI) was estimated as the prevalence of
stage 1. Oocyte atresia prevalence was recorded in female oysters and
its intensity was scored (0–4) individually according to the scale for ab-
normal gonad development proposed by Kim et al. (2006) for mussels.
Oocyte atresia index (OAI) was calculated by multiplying prevalence ×
intensity. Reproductive Anomalies Index (RAI) was calculated as
weighted average of the deviation from the theoretical maximum
anomalies of the specific indices of reproductive disturbance, according
to the following formula:

RAI ¼ 1
5
� CF� SRI

SRI50
þ CF� IXI

IXI50
þ CF� GMI

GMImax
þ CF� UDI

UDImax
þ CF� OAI

OAI50

� �

where CF = ×100/1.6 (thus RAI changes between 0 and 100); SRI50 =
27.7 for a 50% deviation from the theoretical sex ratio; IXI50= 50, when
a 50% prevalence of intersex individuals occurs; (c) where GMImax = 2,
when 100% of the gametes are mature in absence of any sign of
spawning; (d) UDImax= 100,when 100% of the individuals do not pres-
ent differentiated gametes; andOAI50=2, themedian value of the scale
for atresia scoring after Kim et al. (2006).

2.2.5. Digestive gland histopathology
Slides of 20 oysters per sample were examined individually under

the light microscope using 10×, 20× or 40× objective lenses. Parasites
and histopathological alterations were scored using either quantitative
or presence/absence scales (Kim et al., 2006). Intracellular ciliates, un-
identified intracellular protists, Nematopsis sp., metazoans (trematodes,
cestodes), Rickettsia/Chlamydia-like organisms (R/CLO) and
granulocytomas were recorded quantitatively following procedures
previously described (Kim et al., 2006; Kim and Powell, 2007;
Garmendia et al., 2011). Quantitative scores were made by keeping a
running count of the incidences as the slide was scanned to avoid re-
examination of each slide multiple times for each category. Haemocytic
infiltration (without distinction between focal and diffuse), brown cell
aggregates and disseminated neoplasia were scored as present/absent
for each individual oyster. Prevalence and intensity of histopathological
lesions were determined in Nicaragua, and prevalence in Colombia, ac-
cording to Kim and Powell (2007) and Garmendia et al. (2011), as fol-
lows:

Prevalence ¼ N:affected individuals� 100
N:examined individuals

Intensity ¼
∑n

i¼1
ðN:occurrences of parasite
or pathology per individualÞ
N:affected individuals

The inflammatory response index (IRI) was calculated as the sum of
the prevalence values of oedema, granulocytomas and disseminated
neoplasia. The parasitic infestation index (PII) was calculated as the
sum of the prevalence values calculated individually for each of the 5
groups of parasites aforementioned. The digestive gland atrophy index
(DGAI) was estimated according to Kim and Powell (2007).

2.2.6. Integrated biomarker response (IBR)
IBR index was based on the integration of five biological responses

from cellular to community levels (DGAI, IRI, FDW/L, RAI and 1/LT50) ac-
cording to Beliaeff and Burgeot (2002), Broeg and Lehtonen (2006), and
Marigómez et al. (2013). Calculations were based on a multivariate
graphic method, according to the following procedure: (1) calculation
of themeanand standarddeviation for each sample; (2) standardization
of data for each sample: xi′ = (xi − x)/s; where, xi′ = standardised
value of the biomarker; xi =mean value of a biomarker from each sam-
ple; x= general mean value of xi calculated from all compared samples
(data set); s = standard deviation of xi calculated from all samples;
(3) addition of the standardised value obtained for each sample to the
absolute standardised value of the minimum value in the data set: yi
= xi′ + |xmin′|; (4) calculation of the radar plot triangular areas as Ai

= (0.59 × (yi × yi + 1)/2, where “yi” and “yi + 1” are the standardised
values of each biomarker and its next one in the radar plot, respectively,
and 0.59 is sinα (α: radial angle for a pentagonal radar plot;α=2π/5);
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and (5) calculation of the IBR index which is the summing-up of all the
radar plot triangular areas (IBR = ∑Ai) (Beliaeff and Burgeot, 2002).
Since the IBR value is directly dependent on the number of biomarkers
in the data set, the obtained IBR valuewas divided by the number of bio-
markers used to calculate IBR/n (Broeg and Lehtonen, 2006).

2.3. Statistical analyses

Statistical analyses were carried out with the aid of SPSS version 22
statistical package (IBM SPSS, Armonk, NY, USA). Normal distribution
(Shapiro-Wilk's test) and homogeneity of variance (Levene's test) of
data were determined before proceeding with subsequent analyses.
Due to the high variability between individuals, even after normal dis-
tribution transformation of the data, non-parametric analyseswere car-
ried out. Significant differences in the prevalence of inflammatory
responses and parasitic lesions and in health condition indices were
analysed by the Z score test. Survival values of SoS test were analysed
with the non-parametric Kaplan-Meier analysis, followed by the
Tarone-Ware post hoc test for comparisons between localities for each
season and between seasons for each locality. Differences in SCV, L,
SDW, FCI (FDW/SCV and FDW/SDW), DGAI and GI were determined
by applying a Kruskal–Wallis test, followed by Dunn's post hoc test.
Sex ratio bias was studied using the G test of association, comparing
total number of female and male mussels and normalizing for theoreti-
cal gender bias. In all the tests used herein, significant differences were
established at p b 0.05.

3. Results

3.1. Nicaragua

Shell L, FDW, SCV and SDW were smaller (p b 0.05) in Pigeon Cay
than in Half Way Cay and Punta Lora in the rainy season; likewise, all
these biometric parameters presented lower values (p b 0.05) in the
dry season than in the rainy season in the latter two localities
(Table 1). Moreover, FDW was less in Half Way Cay than in Punta Lora
at both seasons. A similar pattern was observed regarding condition in-
dices. FSW/SCV, SDW/L and FDW/L values were lower in Pigeon Cay
than in Half Way Cay and Punta Lora during the rainy season, lower in
the dry season than in the rainy season in the latter two localities and
smaller in Half Way Cay than in Punta Lora in the rainy season (Fig.
2a–c).

Sex ratio values for each sampling location at each sampling time are
shown in Table 1. Statistically significant bias in the sex ratio towards fe-
males (2.82:1; G value = 8.65, p b 0.05) was detected for the whole
Nicaraguan population of mangrove cupped oysters in comparison
with the theoretical sex ratio of 1.65:1 (proxy based on the average be-
tween 2.3:1 (rainy season) and 1.1 (dry season) sex ratios). This bias to-
wards females was also found in the rainy season (3.75:1; G value =
4.95, p = 0.03) but not in the dry season (1.21:1; G value = 5.08, p =
0.18), when a 22.5% of the oysters presented undifferentiated gonads.
Indeed, the three studied localities showed a significant bias towards fe-
males in the rainy season (Table 1). No intersex was recorded. Different
gamete development stages were observed depending on the season
and the locality (Figs. 3 and 4). In the rainy season, gamete development
was delayed in Pigeon Cay in comparison with the other two localities,
andmost advanced in Punta Lora (Fig. 3a). In the dry season, gamete de-
velopment was more advanced in Half Way Cay than in Punta Lora
(Fig. 3a). Accordingly, significant differences (p b 0.05) were observed
in GI between seasons in Half Way Cay and between Half Way Cay
and Punta Lora in both seasons (Table 1). In contrast, no differences in
GMI and UDI were recorded (Table 1). The levels of oocyte atresia
(Fig. 4c) were similar in both seasons in all three localities except in
Half Way Cay in the dry season, when no oocyte atresia was recorded
(Table 1). As a whole, RAI reflects only a low-to-moderate (b10)
reproductive disturbance in Pigeon Cay and Half Way Cay, mainly fea-
tured by deviations in the expected SRI and GMI values (Fig. 2d).

Histopathological examination revealed the presence of a variety of
parasites such as intracellular ciliates, undetermined intracellular pro-
tists, Nematopsis sp., trematodes and Rickettsia/Chlamydia-like organ-
isms (R/CLO) (Fig. 5). Some parasites had a local impact such as
metazoans (Half Cay in dry season) and R/CLO (Punta Lora in dry sea-
son) (Fig. 5g and i). Other parasites such as the unidentified intracellular
protists were found sporadically (Fig. 5e). Ostensibly, parasite preva-
lence was low in Punta Lora in the rainy season and PI was higher in
Half Way Cay than in Punta Lora all over the year (Table 1). Neverthe-
less, the intensity of parasitic infestations was generally low. It is
worth noting that intracellular ciliates (Fig. 5f) and Nematopsis sp.
(Fig. 5h) presented the highest prevalence values throughout the entire
study period; whilst highest intensities were seemingly recorded for
unidentified intracellular protists (Table 1) in the rainy season. PII
values were higher during the rainy season in Pigeon Cay and Half
Way Cay than in Punta Lora, where PII values increased in the dry sea-
son (Fig. 2e).

Unlike in the dry season, the histological integrity of the digestive
gland tissue was seemingly altered in all the studied localities in the
rainy season (Fig. 5a and b). A large part of the digestive gland tissue
was occupied by disorganized interstitial connective tissue (ICT)
with haemocytic infiltration (Fig. 5b and d) and the caliper of diges-
tive ducts was particularly undersized (Fig. 5b and f). Inflammatory
responses such as massive haemocytic infiltrations of ICT (oedema),
brown cell aggregates, granulocytomas and disseminated neoplasia
were observed (Fig. 5b–d). In contrast, prevalence of inflammatory
responses was apparently higher in the dry season than in the
rainy season and more so in Half Way Cay than in Punta Lora; how-
ever, differences after applying the Z score test could only be
established at p b 0.1 (Table 1). Prevalence of brown cell aggregates
was always high whereas only one granulocytoma was found in
one oyster from Pigeon Cay in the rainy season (Fig. 5d). Two isolat-
ed cases of oysters with disseminated neoplasia were recorded in the
rainy season (Table 1; Fig. 5c). Unlike for the case of PII, IRI was
higher in the dry season than in the rainy season (Fig. 2f); moreover,
its values were always higher in Pigeon Cay and Half Way Cay than in
Punta Lora.

Digestive alveoli presenting severe atrophy (with a wide lumen and
thin epithelium) and separated by ample areas of ICT (Fig. 5b, d and
f) were observed all over the year, but their incidence was particularly
high in the rainy season. In addition, digestive cell vacuolisation
(Fig. 5e) was recorded in a few specimens (b10%) from Half Way Cay
during both seasons. Thus, in the rainy season DGAI was similar in the
three localities and always higher than in the dry season, especially in
Punta Lora (p b 0.05; Fig. 2g). In contrast, in the dry seasonDGAI differed
between localities, with higher values in Half Way Cay than in Punta
Lora (p b 0.05; Table 2).

LT50, as determined by the SoS assay, was significantly different be-
tween seasons for Half Way Cay and Punta Lora (Tarone-Ware test, p b

0.05) but not between localities for a given season (Fig. 2h). The highest
LT50 values were observed in the rainy season, whilst 2–3 fold lower
values were recorded in the dry season (Fig. 2h).

Five indices of biological response (DGAI, IRI, FDW/L, RAI, LT50)
were represented in radar plots (Fig. 7). The depicted profiles re-
vealed that in the rainy season low levels of biological complexity
(DGAI and IRI) and reproduction (RAI) were responsive in Half
Way Cay and Punta Lora whilst all the indices except LT50 (SoS)
responded in Pigeon Cay. Conversely, quite different profiles were
observed in the dry season, with responses at more complex levels
of biological organisation and especially in SoS. Thus, significant dif-
ferences were found between localities in the IBR/n index in the
rainy season after applying the Z score test, with IBR/n values being
lowest in Punta Lora, intermediate in Half Way Cay and highest in Pi-
geon Cay (Fig. 7).



Table 1
Condition and histopathology of Crassostrea rhizophorae from shallow subtidal oyster reefs of Nicaraguanmangrove lagoons. Shell cavity volume, condition index and atrophy their values
are mean ± standard error (n = 20). Sex Ratio Index = SRI's G value. The superscript letters (a and b) indicate significant differences between groups (p b 0.05). Asterisks (*) indicate
seasonal difference for a locality (p b 0.05); ♯, significantly different from the theoretical gender bias (Vélez, 1982) according to the G test (p b 0.05). 1, estimated based onmodel functions.

Rainy season Dry season

Pigeon Cay Half Way Cay Punta Lora Half Cay Punta Lora

Shell length (L; mm)1 59.7 ± 2.1a 79.9 ± 2.6b 84.8 ± 2.4b 70.4 ± 4.0* 72.4 ± 2.6*
Flesh dry-wt (FDW; mg) 118.4 ± 16.3a 296.1 ± 22.6b 370.3 ± 26.1b 113.3 ± 16.3a* 149.5 ± 13.9b*
Shell cavity volume (SCV; mL) 4.9 ± 2.5a 9.6 ± 4.4b 10.9 ± 4.3b 7.3 ± 4.4* 7.4 ± 2.8*
Shell dry-wt (SDW; g)1 11.2 ± 1.1a 24.0 ± 1.8b 27.2 ± 1.7b 18.4 ± 2.5a* 18.6 ± 1.6a*
Sex ratio (Sex ratio index) 5.2:1♯ (3.91) 6.4:1♯ (5.74) 2.1:1♯ (0.09) 1:1.4* (0.01) 1.7:1* (2.16)
Intersex index 0 0 0 0 0
Gonad index 3.5 ± 0.2b 3.8 ± 0.2b 3.3 ± 0.1a 2.1 ± 0.4a* 3.7 ± 0.3b

Gametogenic mass index 0.77 0.70 0.10 0.10 0.34
Undifferentiated index 0.05 0.08 0.00 0.00 0.00
Oocyte atresia prevalence 0.387 0.406 0.222 0.000 0.333
Oocyte atresia intensity 0.806 ± 1.327 0.594 ± 0.979 0.407 ± 0.971 0.000a* 0.417 ± 0.669b

Oocyte atresia index 0.312 0.241 0.090 0.000 0.139
Prevalence (oedema) % 18.5 35 2.5 89 44
Prevalence (BCA) % 95 100 97.5 89 100
Prevalence (granulocytomas) % 5 0 0 0 0
Preval. (dissem. neoplasia) % 5 5 0 0 0
Prevalence (ciliates) % 29 23.5 0 17 33
Preval. (Undert. Intra. Prot.) % 2.5 10 0 11 17
Prevalence (Total Intr. Prot.) % 31.5 33.5 0 28 50
Prev. (Nematopsis sp.)%(1) 97.5 76 25.5 89 39
Prevalence (Metazoan) % 0 0 0 11 0
Prevalence (R/CLO) % 0 0 0 0 10

1 Intensity (individuals per section) = 62.5 (PC-RS); 12.5 (HC-RS); 9 (HC-DS); 2.5 (PL-RS); 2 (PL-DS).
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3.2. Colombia

Shell L was highest atMarina SantaMarta and lowest at Isla Brujas in
both seasons, without any seasonal variability (Table 2). The highest
FDW values were recorded in Isla Maparadita and Marina Santa Marta
in the rainy season, whilst values were much lower in all the localities
except Marina Santa Marta in the dry season (Table 2). The highest
SDW values were found in Marina Santa Marta in both seasons, while
SDWwas significantly lower in the dry season than in the rainy season
in Isla Brujas, Isla Maparadita and Taganga (p b 0.05, Table 2). The
highest FDW/SDW was recorded in Isla Maparadita followed by
Taganga and Isla Barú, with lower values in the dry season than in the
rainy season in Isla Maparadita and Isla Barú (p b 0.05; Fig. 6a). The
highest SDW/L was recorded in Marina Santa Marta in both seasons,
with lower values in the dry season than in the rainy season in Isla
Brujas, IslaMaparadita and Taganga, and higher values in the dry season
than in the rainy season in Isla Barú (p b 0.05, Fig. 6b). The highest FDW/
L valueswere recorded in IslaMaparadita andMarina SantaMarta in the
rainy season and in Isla Barú and in Marina Santa Marta in the dry sea-
son (p b 0.05, Fig. 6b).

Sex ratio values for each sampling location at each sampling time are
shown in Table 2. No statistically significant bias in the sex ratio of the
whole studied population (1.14:1; G value = 2.55, p = 0.11) was de-
tected in comparison with the theoretical sex ratio of 1:1.14 resulting
from the average between 1:1 (rainy season) and 1:1.33 (dry season)
sex ratios. Accordingly, no bias was found in any season (rainy season:
1.16:1; G value = 0.80, p = 0.37; dry season: 1:1.06; G value = 0.925,
p = 0.34). Among the studied localities, only Taganga showed a signif-
icant bias to female condition in both seasons (Table 2). Intersex cases
were sporadically found: one female from Marina Santa Marta in the
rainy season, and one female from Isla Barú and one from Marina
Santa Marta and one male from Isla Brujas in the dry season (Table 2).
All these cases corresponded to hermaphrodites as they showed sepa-
rate male and female gonad follicles (Fig. 4d–f).

Most oysters were in advanced gamete development stages
(e.g., spawning and spawned; Fig. 3b). In the rainy season, Marina
Santa Marta and Taganga showed the most advanced gamete develop-
ment; however, the opposite was found in the dry season. Significant
differences in GIwere found between seasons in Isla Brujas and Taganga
and between localities for both seasons (Fig. 3b). Likewise, differences
in GMI and UDI were recorded between localities but no between sea-
sons (Table 2). Atretic oocytes were only observed in one oyster from
Marina Santa Marta in the rainy season. As a whole, RAI reflects only a
low-to-moderate (b10) reproductive disturbance, mainly featured by
deviations in the expected SRI, GMI and UDI values (Fig. 6d).

A variety of parasites such as intracellular ciliates, Nematopsis sp.,
metazoan and R/CLOwere found although, in general terms, both prev-
alence and intensitywere low throughout the study (Table 2; Figs. 5 and
6e). The highest PII values were found in Isla Brujas, where in addition
PII was significantly higher in the dry season than in the rainy season
(most likely due to the moderate-to-high prevalence of Nematopsis
sp.); likewise, PII tended to be higher in the dry season than in the
rainy season in all the localities (Fig. 6e).

Overall, no major alteration in the histological integrity of the diges-
tive gland tissue was recorded. However, in the dry season the preva-
lence of oedema in digestive gland tissue in all the localities was high,
especially in Isla Barú and Marina Santa Marta, and the prevalence of
brown cell aggregates in Marina Santa Marta was moderately high
(Table 2). Granulocytomas and disseminated neoplasia were not re-
corded. Prevalence of inflammatory responses was apparently higher
in the dry season than in the rainy season (Table 2). IRI values were
higher in Isla Brujas than in the other localities in the dry season,
when theywere seemingly higher in all the localities; although seasonal
differences were not significant in Isla Maparadita and Isla Brujas be-
cause IRI values were also conspicuous in the rainy season (Fig. 6f). Me-
dium values of DGAI (score ~ 1–2) were recorded in all the localities all
along the study. Nevertheless, DGAI values were significantly higher in
the dry season than in the rainy season in Isla Brujas and, vice versa,
higher in the rainy season than in the dry season in Taganga (Fig. 6g).
Additionally, DGAI was significantly different among localities in the
dry season, with highest values in Isla Brujas followed by Isla
Maparadita (Fig. 6g).

LT50 values for the SoS assay were significantly different between
seasons, especially in Isla Barú, Isla Brujas and Isla Maparadita (p b

0.05, Fig. 6h); the lowest LT50 values being recorded in these locali-
ties in the rainy season and less markedly in the dry season, even
though LT50 values recorded in Isla Brujas continued to be the lowest
(Fig. 6h).



Fig. 2. Biomarkers of anomalies in oyster health indicative of disturbance in ecosystem health for the rainy and the dry seasons in Nicaraguanmangrove lagoons (Pigeon Cay, Half Way Cay and
Punta Lora). Different letters denote statistically significant differences between localities and asterisk (*) indicate seasonal differences for a locality (p b 0.05). SDW/L, shell growth index; FDW/
SCV and FDW/L, condition indices; RAI, reproductive anomalies index; IRI, inflammatory response index; DGAI, digestive gland atrophy index; LT50,median survival time after SOS test. ‡, no data.
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Fig. 3. Gamete development stages of oyster Crassostrea rhizophorae collected from Nicaragua (a) and Colombia (b) at the rainy and the dry seasons. ‡, no data.
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The profiles depicted by the 5 indices of biological response varied
with season (radar plots in Fig. 7b), except in Marina and Taranga
where FDW/L and RAI were equally responsive at both seasons. In the
rainy season, LT50 was particularly sensitive in Isla Barú, Isla Brujas
and Isla Maparadita, whilst in the dry season responses at mid-to-high
level of biological complexity (FDW/L and RAI) were elicited in Isla
Barú and at low-to-mid level (DGAI, IRI and FDW/L) in Isla Maparadita
and, especially, in Isla Brujas (Fig. 7b). As a result, IBR/n index showed
significant differences in both seasons (Fig. 7b): Isla Brujas and Isla
Maparadita showed higher IBR/n values than Isla Barú, Marina Santa
Marta and Taganga in the rainy season, Isla Brujas being the locality
with the highest IBR/n values in the dry season.

4. Discussion

The habitats and environmental conditions of Nicaragua and
Colombia were different, so it comes as no surprise that the anthropo-
genic impact and the profile and levels of pollutants were different as
well (Aguirre-Rubí et al., 2017; Dumailo, 2003; Mancera-Pineda et al.,
2013; Vivas-Aguas et al., 2014). In Nicaragua, shallow subtidal oyster
reefs were investigated, whereas in Colombia intertidal prop roots of
mangrove trees and intertidal rocky habitats were sampled. Moreover,
SST and salinity were higher in Colombia than in Nicaragua, with very
high SST (N33 °C) in the former and extreme low salinities (b2 PSU)
in the rainy season in the latter (ESM 1). Another key variable to keep
in mind for inter-regional comparisons was that oysters from
Nicaragua (shell Lmax = 7.3 ± 1.7 cm) and Colombia (Shell Lmax = 3.7
± 0.9 cm) corresponded to different size classes, which were the most
abundant ones at each corresponding sampling site.

4.1. Nicaragua

Oyster shell length varied with season, with the largest animals
being collected in Half Way Cay and Punta Lora in the rainy season. Ac-
cordingly, FDW, L and SCV were higher in Half Way Cay and Punta Lora
than in Pigeon Cay in the rainy season, which suggests that growth was
reduced in Pigeon Cay oysters.

Generally, stress is associated with a decrease in flesh condition,
whereas a higher abundance of food and hormonally active substances
will increase flesh condition (Smaal and van Stralen, 1990). Different in-
dices are available to determine flesh condition in oysters (Crosby and
Gale, 1990). In Nicaragua, FDW/SCV and FDW/L were clearly lower in
the dry season than in the rainy season, and lower in Pigeon Cay than
in the other two localities. Seasonal changes in FCI have been previously
reported in mangrove oysters (Nascimento and Pereira, 1980; Rebelo
et al., 2005). However, the seasonal pattern may vary depending
on locally relevant differences in nutritional and reproductive
status, as well as on environmental constrains (e.g., the presence
of pollutants). Thus, unlike in the present study, in C. gigas and C.
corteziensis from the Gulf of California lagoons, FDW/SCV was
higher in the dry season than in the rainy season (Osuna-Martínez
et al., 2010). Likewise, high FDW/SCV and FDW/L values were re-
ported in C. rhizophorae both in the dry season, associated to high
levels of nutrients in the water (Rebelo et al., 2005), but also in
the rainy season, concomitantly with full gonad maturation
(Nascimento and Pereira, 1980). For the present study, high FDW/
L values would have been expected for the dry season, together
with advanced gametogenic stages; this seems to apply when the
rainy and the dry seasons are compared in Half Way Cay, and to a
lesser extent in Punta Lora, where a higher incidence of spawning
stages in the dry season than in the rainy season coincides with
lower FDW/L values. However, the lowest FDW/L was recorded in
Pigeon Cay, where gamete development was seemingly arrested
in the rainy season (late gamete development stage was dominant
resulting in high GI values) and the highest in Punta Lora in the
rainy season, where spawning stages were dominant. Therefore, re-
production does not seem to be the main factor influencing FDW/L
in the rainy season.

Conversely, the low FDW/SCV and FDW/L values found in Pigeon
Cay in comparison with HalfWay Cay and Punta Loramight be attrib-
uted to the presence of pollutants (e.g., PAHs, PCBs and PBDEs), as
reflected in high pollution indices (PLI: Pollution Load Index,
Tomlinson et al., 1980; CPI: Chemical Pollution Index, Bellas et al.,
2011) s reported by Aguirre-Rubí et al. (2017). In this regard, FDW/
SCV was proposed as an inexpensive, quick, representative and re-
sponsive tool for monitoring pollution (Scott and Lawrence, 1982),
commonly used to estimate growth differences among oysters living
in different environmental conditions (Austin et al., 1993). Likewise,



Fig. 4. Light micrographs of gonad sections and intersex individuals of Crassostrea rhizophorae. a) normal gonad of a male; b) normal gonad of a female; c) female fromHalfWay Cay with
atretic oocytes; d) male from Isla Brujas with intersex; e) female from Marina with intersex; f) female from Isla Barú with intersex. AO, atretic oocytes; EO, early oocyte; GO, growing
oocyte; DO, degenerated ovum; RO, ripe ovum; SG, spermatogonia; SC, spermatocytes; CT, connective tissue; MF, mature follicles; ♀, female germ cells;♂, male germ cells.
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FDW/SCV provides indication of the nutritional status of oysters and
of whether they are subject to stress conditions (Crosby and Gale,
1990). For example, in C. virginica, exposure to metals such as Cu
and Cr is directly related with a decrease in FDW/SCV (Aguilar
et al., 2012). Likewise, FDW/SCV was found to be lower in C.
rhizophorae from Brazilian estuaries with higher levels of PAHs and
PCBs (Valdez Domingos et al., 2007).

Reproduction anomalies tended to be more prevalent in the rainy
season than in the dry season and more marked in Pigeon Cay and
Half Way Cay than in Punta Lora where, conversely, anomalies were
most evident in the dry season. It is worth noting that the so-called re-
productive anomalies do not necessarily mean deleterious or patholog-
ical effects but simply deviations from themean values, whichmight be
indicative of potential disturbances in oysters reproduction. The main
anomalies recorded in this study included alterations in sex ratio, gam-
ete development delay/arrest and oocyte atresia.

Crassostrea oysters are protandrous hermaphrodites and sex ratio
values can vary depending on the species, age, size and local conditions
(Park et al., 2012). Sex appears to be determined by a single genewith a
dominant male allele M and a recessive protandrous allele F, such that
FF animals are protandrous and MF animals are permanent males
(Powell et al., 2011). In C. rhizophorae, females predominate and can
reach up to 90% of the population although their prevalence may vary
with size and season (Vélez, 1982). In raft cultivated C. rhizophorae
(N20 mm shell length), females were predominant (male/female ratio
= 0.2–0.6) during the rainy season and especially in the largest size
classes (Gordon, 1988). Accordingly, sex ratio was skewed towards fe-
males in Nicaragua; however, feminisation went beyond the expected
values (according to criteria by Vélez, 1982) in the rainy season, espe-
cially in Pigeon Cay and Half Way Cay but also in Punta Lora. Sex ratio
in Punta Lora oysters was comparable to that reported for C. rhizophorae
in the Laguna Grande de Obispo, in Venezuela (F:M, 2.42:1; Montes-M
et al., 2007), and in Guaratuba Bay (F:M, 1.6:1) and in two localities at
Camanu Bay (F:M, 1.9:1 y 2.1:1) in Brazil (Christo and Absher, 2006;
Lenz and Boehs, 2011). A predominance of females was also observed
in Crassostrea brasiliana from Brazil (Castilho-Westphal et al., 2015).
Sex ratio values in Pigeon Cay and Half Way Cay, however, were much
higher. This apparent anomaly could be due to the large size of the oys-
ters (Lmax N 80 mm), or caused by exposure to endocrine disrupting
compounds (e.g. pesticides) in the rainy season. Sex ratio skew towards
females has been reported in bivalve populations from sites polluted
with tributyltin, metals and PAHs (Gagne et al., 2003; Gauthier-Clerc



Fig. 5. Paraffin sections of the digestive gland of Crassotrea rhizophorae stained with haematoxylin-eosin: a) normal digestive gland b) digestive gland with diffuse infiltration haemocyte
and atrophied alveoli; c) disseminated neoplasia; d) granulocytoma and diffuse infiltration haemocytic; e) unidentified protists; f) ciliate; g) R/CLO; h) Nematopsis sp.; i) metazoan.
Abbreviations: A, alveoli; D, duct; CT, connective tissue; HI, haemocytic infiltration; L, lumen; NH, neoplastic haemocytes. Arrows, tissue alterations; arrowheads indicate the presence
of brown cell (BC) aggregates and vacuolization (V).
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Table 2
Condition and histopathology of Crassostrea rhizophorae from intertidal roots/docks of Colombian mangrove swamps. Shell cavity volume, condition index and atrophy their values are
mean ± standard error (n = 20). Sex Ratio Index = SRI's G value. The superscript letters (a, b and c) indicate significant differences between pairs of localities (p b 0.05). Asterisk (*)
indicate seasonal difference for a locality (p b 0.05); ♯, significantly different from the theoretical gender bias (Vélez, 1982) according to the G test (p b 0.05).

Rainy season Dry season

Isla Barú Isla
Brujas

Isla
Maparadita

Marina Santa
Marta

Taganga Isla Barú Isla Brujas Isla
Ma-paradita

Marina
Santa
Marta

Taganga

Shell length (L; mm) 39.3 ±
1.7bc

33.3 ±
1.1a

34.1 ± 0.8ab 41.5 ± 1.9c 33.7 ±
1.3a

35.6 ±
1.6a

34.1 ± 1.9a 35.7 ± 0.9a 41.1 ± 1.6b 39.3 ± 3.1ab

Flesh dry-wt (FDW; mg) 103.1 ±
7.6a

95.3 ±
8.3a

231.1 ±
26.1b

153.7 ± 9.6b 70.7 ±
6.0a

91.7 ±
8.1b

56.7 ± 8.9a* 62.7 ± 6.6a* 155.4 ±
17.3c

53.5 ± 6.3a

Shell dry-wt (SDW; g) 3.2 ± 1.7a 4.3 ± 2.5b 3.7 ± 2.2ab 6.5 ± 2.9c 2.7 ± 1.2a 4.1 ± 2.0c 2.6 ± 1.2b* 1.7 ± 0.6ab* 6.3 ± 2.8d 1.4 ± 0.7a*
Sex ratio (sex ratio index) 1.2:1

(0.40)
1:1.1
(0.11)

1.2:1 (0.4) 1.4:1 (0.76) 2:1♯

(4.08)
1.3:1
(1.17)

1:2.3(1)

(0.80)*
1.5:1 (2.37) 1:1.4 (0.00) 2.5:1(1)

(4.67)
Intersex index 0 0 0 2.5 0 5 5 0 5 0
Gonad index 3.6 ± 0.2b 3.3 ± 0.2b 3.4 ± 0.2b 2.6 ± 0.2a 2.4 ± 0.2a 3.2 ± 0.3b 1.6 ± 0.3a* 3.0 ± 0.3b 3.3 ± 0.3b 3.4 ± 0.4b*
Gamet. mass index 0.26(a) 0.40(b) 0.19(a) 0.07(a) 0.02(a) 0.16(a) 0.00(b) 0.10(a) 0.30(a) 0.30(a)

Undifferent. index 0.00 0.05 0.0 0.03 0.05 0.05a 0.35b 0.00a 0.00a 0.07a

Oocyte atresia prevalence 0a 0a 0a 0.053b 0a 0 0 0 0 0
Oocyte Atresia intensity 0a 0a 0a 0.053 ±

0.101b
0a 0 0 0 0 0

Oocyte atresia index 0a 0a 0a 0.003b 0a 0 0 0 0 0
Prevalence (oedema) % 2.5 (a) 15 (a) 30 (b) 0 (a) 0 (a) 85 (b) 55 (a) 45 (a) 70 (a) 40 (a)

Prevalence (BCA) % 0a 0a 2.5a 22.5b 2.5a 10a 5a 0a 45b 5a

Prevalence (granulocytomas) % 0 0 0 0 0 0 0 0 0 0
Prevalence (dissemin.
neoplasia) %

0 0 0 0 0 0 0 0 0 0

Prevalence (ciliates) % 2.5 (a) 7.5 (b) 2.5 (a) 0 (a) 0 (a) 10 (a) 15 (b) 0 (a) 5 (a) 5 (a)

Prevalence (Undert. Intra. Prot.)
%

0 0 0 0 0 0 0 0 0 0

Prevalence (Total Intr. Prot.) % 2.5 (a) 7.5 (b) 2.5 (a) 0 (a) 0 (a) 10 (a) 15 (b) 0 (a) 5 (a) 5 (a)

Prevalence (Nematopsis sp.) % 0 2.5 2.5 0 0 0a 30b 0a 0a 0a

Prevalence (Metazoan) % 0 2.5 0 0 2.5 0a 0a 10b 0a 0a

Prevalence (R/CLO) % 0a 5b 0a 0a 0a 10b 0a 10b 0a 5a

1 N30% of oysters with undifferentiated gonad.
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et al., 2002). Likewise, feminizing effects were reported in bivalves ex-
posed to sewage effluents and to urban and agricultural runoff waters
(Blaise et al., 2003; Gagne et al., 2001; Quinn et al., 2004;
Ortiz-Zarragoitia and Cajaraville, 2010). In contrast, sex ratio skew to-
wards males was recorded in Half Way Cay in the dry season. A similar
masculinisation was reported in summer for C. rhizophorae by Lenz and
Boehs (2011).

Mangrove cupped oysters reproduce continuously throughout the
year with peaks of seasonal spawning associated with temperature
and salinity; however, spawning and spatfall are continuous in lagoons
with temperatures higher than 25 °C (Vélez, 1982), like Bluefields and
Pearl Lagoon. As seen in diverse species of Crassostrea from different re-
gions of the world, GI is correlated with seawater temperature, salinity
and quantity and quality of the food supply (Christo and Absher, 2006).
At least 2–3 spawning peaks per reproductive cycle have been reported
in C. rhizophorae from different regions, but themain one seems to be in
the rainy season (Villarroel et al., 2004; Lenz and Boehs, 2011). Howev-
er, our results suggest that wild mangrove oysters from Nicaraguan Ca-
ribbean follow a continuous reproductive cycle, albeit peaks of more
intense spawning could not be disregarded. Similarly, C. virginica from
Mecoacan was reported to spawn all along the year (George-Zamora
et al., 2003). More detailed studies on wild mangrove oyster popula-
tions would be required in this respect. Nevertheless, gamete develop-
ment was seemingly delayed in Pigeon Cay in comparison with Punta
Lora in the rainy season, with Half Way Cay in between. In the dry sea-
son, however, gamete development was delayed in Punta Lora in com-
parison with Half Way Cay. In bivalves, exposure to chemicals such as
oils, PAHs, DDTs, and alkylphenols causes alterations in gamete devel-
opment and enhances oocyte atresia (Binelli et al., 2001; Lowe, 1988;
Ortiz-Zarragoitia et al., 2011). Delayed gametogenesis was reported in
bivalve populations from sites polluted with tributyltin, metals and
PAHs (Gagne et al., 2003; Gauthier-Clerc et al., 2002). The occurrence
of gamete development arrest in Pigeon Cay and Half Way Cay in the
rainy season and Punta Lora in the dry season may, therefore, be due
to pollutant specific effects. Interestingly, the highest tissue levels of
PAHs were recorded in oysters from Pigeon Cay, followed by oysters
from Half Way Cay; as well as the highest levels of PBDEs (Aguirre-
Rubí et al., 2017). Conversely, organochlorine pesticides (OCPs) do not
seem to be related to effects on gamete development, as the highest tis-
sue levels were recorded in oysters from Punta Lora in the rainy season
(Aguirre-Rubí et al., 2017) in absence of apparent effects on
gametogenesis.

Oocyte atresia is a normal process in late spawning and post
spawning stages, as described in e.g. C. brasiliana (Castilho-Westphal
et al., 2015). In the present study, atresia was recorded at higher occur-
rence in Pigeon Cay and Half Way Cay than in Punta Lora in the rainy
season and its intensity values were particularly high in the two former
localities resulting in significantly higher OAI values. Enhanced oocyte
atresia could be a sign of gonad resorption and spawning abortion
aimed at re-directing energy resources from reproduction to counteract
stressors (e.g. pollutants). Exposure to chemical pollutants is known to
enhance oocyte atresia (Binelli et al., 2001; Lowe, 1988;
Ortiz-Zarragoitia et al., 2011). In agreement, the levels of oocyte atresia
can be related to the PLI and CPI values recorded in the studied localities
(Aguirre-Rubí et al., 2017).

RAI integrated the above discussed reproductive anomalies and
showed that these were most relevant in Pigeon Cay and Half Way
Cay in the rainy season and to a lesser extent in Punta Lora in the dry
season. Though these reproductive anomalies might have resulted
from natural causes (e.g. old large sized oysters tend to be female with
atretic oocytes) the observed inter-site differences suggested that addi-
tional stressors might be acting (e.g., pollutants, nutrient availability,
hypoxia or extreme salinity).

Although the intensity of parasitic infestations was generally low, it
was higher in Half Way Cay than in Punta Lora in both sampling occa-
sions; parasite prevalence being especially low in the rainy season in



Fig. 6. Biomarkers of anomalies in oyster health indicative of disturbance in ecosystem health for the rainy and the dry seasons in Colombianmangrove swamps (Isla Barú, Isla Brujas, Isla
Maparadita,Marina SantaMarta and Taganga). Different letters denote statistically significant differences between localities and asterisk (*) indicate seasonal differences for a locality (p b

0.05; p b 0.1, when shown between brackets). SDW/L, shell growth index; FDW/SDWand FDW/L, condition indices; RAI, reproductive anomalies index; IRI, inflammatory response index;
DGAI, digestive gland atrophy index; LT50, median survival time after SOS test. ‡, no data.
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Punta Lora.Most frequently recorded parasites wereNematopsis sp. and
ciliates. Nematopsis sp. seems to be a common parasite in Caribbean C.
rhizophorae (Brandão et al., 2013; Nascimento et al., 1986; Sabry et al.,
2007, 2011, 2013), mussels (Boehs et al., 2010; Ceuta and Boehs,
2012; Garmendia et al., 2011) and other oyster species (Afsar et al.,
2014; Aguirre-Macedo et al., 2007). No seasonal trend was observed
in the prevalence of Nematopsis sp.. Similarly, Nematopsiswas recorded
throughout the year inMytella guyanensis (Boehs et al., 2010; Ceuta and
Boehs, 2012) but a marked seasonality was reported in C. rhizophorae
(Brandão et al., 2013; Nascimento et al., 1986; Sabry et al., 2007).
Prevalence recorded in Pigeon Cay, and HalfWay Cay can be considered
high (Brandão et al., 2013). At low infection intensities, this protist only
causes inflammatory responses although at high intensities it can be
harmful (Bower et al., 1994).

As a result, PII was high in Half Way Cay in both seasons and in Pi-
geon Cay, andmoderate in Punta Lora in the dry season. The differences
do not seem to be related to size (or age) because oysters from Pigeon
Cay are the smallest but present the highest PII value; whilst usually
large and aged individuals exhibit more severe degree of parasitisation.
Likewise, FCI does not seem to be relevant because oysters with similar



Fig. 7.Radar plots for biomarkers and the corresponding IBR/n index for the rainy and the dry seasons inNicaraguanmangrove lagoons (left) and intertidal roots/docks of Colombianman-
grove swamps (right). Different letters denote statistically significant differences between pairs of means according to the Z-score test (p b 0.05). DGAI, digestive gland atrophy index; IRI,
inflammation index; FDW/L, condition index; RAI, reproductive anomalies index; LT50, median survival time after SOS test. Nicaraguan sampling localities: PC, Pigeon Cay;HC, Half Cay; PL,
Punta Lora. Colombian sampling localities: B, Isla Barú; E, Isla Brujas; C, Isla Maparadita; M, Marina Santa Marta; T, Taganga. ‡, no data.
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FDW/L values show different parasite load. It is conceivable that envi-
ronmental stressors or pollution exposure provokes immunodeficiency
or that high turbidity and levels of suspended particulate or organic
matter in the water column facilitates parasitic infestation. In presence
of high levels of suspended organic matter, growth of bacteria and
algae and then of protozoans, their predators, is enhanced (La Rosa
et al., 2001). Thus, the abundance of ciliates has been proposed as an in-
dicator of the host health and the level of eutrophication (Palm and
Dobberstein, 1999). The presence of ciliates depends on environmental
factors such as temperature, salinity and suspended matter
(e.g., turbidity) and has been suggested to be indicative of organic pol-
lution resulting from e.g., domestic sewage (Brandão et al., 2013; Chu
et al., 2002; Marcogliese and Cone, 1997). Ciliates are believed to be
comensals that only may result harmful at high intensities and not al-
ways, as reported in C. rhizophorae in Brazil (Boehs et al., 2010;
Brandão et al., 2013; Nascimento et al., 1986)

Disorganized ICTwith haemocyte infiltration and shrinkageof diges-
tive diverticula, digestive alveoli atrophy and digestive cell
vacuolisation were observed in all three studied Nicaraguan localities,
mainly in the rainy season. Comparable histopathological alterations
were interpreted as a stress response to pollution enhancement in the
rainy season (Valdez Domingos et al., 2007). Granulocytomas and dis-
seminated neoplasia were only found, at low prevalence, in Pigeon
Cay andHalfWayCay. These inflammatory lesions have been associated
to the presence of pollutants but also to pathogens (Auffret, 1988; De
Vico and Carella, 2012; Garmendia et al., 2011; Kim et al., 2008). Oede-
ma and brown cell aggregates were observed during both sampling oc-
casions. Whilst the prevalence of brown cell aggregates was close to
100% in all the cases, the prevalence of oedema was higher in the dry
season than in the rainy season and higher in Half Way Cay than in
Punta Lora and Pigeon Cay, with highest values in Half Way Cay in the
dry season. However, intensity values of brown cell aggregates were
low except in Pigeon Cay that exceeded the scores in other localities
by a factor of 5 to 30 times. Elevated levels of haemocytic infiltration
and oedema are general responses to chemical pollutants in molluscs
(Au, 2004). These inflammatory responses were shown to be related
to the tissue concentration of Cd and hydrocarbons in C. virginica from
Mexican coastal ecosystem (Gold-Bouchot et al., 1995), and were sug-
gested as indicators of pollution-induced stress for native oysters in
coastal lagoons (Gold-Bouchot et al., 1995).

IRI runs in parallel with PII suggesting that most inflammatory re-
sponses were associated to the presence of parasites and pathogens, in
agreement with Carella et al. (2015). Nevertheless, other aetiologies
cannot be dismissed because the prevalence of the two former and
the intensity of oedemas were higher in Pigeon Cay and Half Way Cay
in the rain season, where oysters presented the highest pollutant tissue
levels (Aguirre-Rubí et al., 2017). Moreover, DGAI revealed that diges-
tive gland atrophy indicative of general stress (Apeti et al., 2014;
Couch, 1985; Garmendia et al., 2011; Kim and Powell, 2007) seemed
to be higher in the rainy season than in the dry one, with some signals
of moderate stress in Half Way Cay in the dry season. Pollution by
chemicals in mixture is a potential factor activating latent infection in
oysters (Chu et al., 2002).

Stress-on-Stress responses showed a very different profile in com-
parison with other general stress biomarkers such as DGAI. LT50 was
in the range of 3–9 d, with the shortest values being recorded in the
dry season. This seems to indicate that oysters were more resistant to
additional stress in the rainy season than in the dry season, which
would not be expected from a stressed organism. Certainly, a better in-
dividual condition could explain these inconsistent results,which corre-
spond to the cases of Half Way Cay and Punta Lora in the rainy season
(high FDW/L and high LT50). However, it does not apply for the case of
Pigeon Cay (low FDW/L and high LT50). On the other hand, the LT50 re-
corded in Nicaragua are not actually high in comparison with e.g.
Colombia oysters and therefore the resilience of oysters could be con-
sidered affected at regional scale and especially in the dry season.
According to our records there is no previous data on SoS response in
C. rhizophorae so that LT50 values can be only interpreted relatively.
Thus, LT50 in Nicaragua (~8 d) does not reach the values of 12 d record-
ed in some localities in Colombia in this study, with a more marked de-
crease than those reported in other species to discriminate polluted and
reference sites (Blaise et al., 2016). In contrast, the low LT50 values re-
corded in Nicaragua in comparison with Colombian oysters could also
be explained because Nicaraguan oysters were larger, as concluded for
other species (Thomas et al., 1999). However, Pigeon Cay oysters
while being smaller than Half Way Cay and Punta Lorain oysters during
the rainy season did not display higher LT50 values than oysters from the
two latter localities, which suggests some additional effect other than
size on SoS in Pigeon Cay. The low LT50 values recorded in thedry season
can be explained by different, not necessarily opposing, causes known
to lead to reduced survival-in air in bivalves (Hellou and Law, 2003;
Smaal et al., 1991; Thomas et al., 1999; Viarengo et al., 1995), such as:
poor individual condition (low CI and FDW/L), reproductive stress dur-
ing spawning, unfavourable environmental conditions (hypoxia and
high turbidity and salinity) and seasonal sources of pollutants
(i.e., pesticides, etc.).

The present approach thus suggests that oysters are not equally
healthy in the different localities and seasons investigated herein,
which is evidenced by the integrated biomarker response (IBR) index.
This provides an integrated view on the health status of sentinel organ-
isms even though seasonal variability could act as a confounding factor,
as previously suggested for bivalves from temperate regions subject to
pollution (Leiniö and Lehtonen, 2005;Marigómez et al., 2013). Integrat-
ing these anomalies in the oysters' health status into the IBR/n index
provided a general indication of ecosystem health disturbance
(Marigómez et al., 2013). The lowest IBR was that recorded in Half
Way Cay followed by Pigeon Cay, both with comparable health profiles,
whilst ecosystemhealthwas less disturbed in Punta Lora,where the sig-
nal provided by DGAI in the rainy seasonmight be indicative of a recent
distressing episode, unlike the situation in other localities that seems to
be more pervasive. In summary, complex multi-factorial sources of
health disturbance of oysters seem to co-occur over a regional back-
ground of low-to-moderate pollution (e.g. by pesticides and domestic
sewage; e.g. as shown in ESM 1) in Nicaraguan Caribbean coast and
therefore correlation between IBR/n and pollution indices such as PLI
and CPI was not significant. Though individual biological responses at
each locality and season were generally consistent, the lack of correla-
tion may be due to the strong influence of the physiological status
(modulated bymulti-factorial drivers and seasonal variation under nat-
ural field conditions) of the oysters on these measurements.

4.2. Colombia

Shell length, in the range of 33–42 mm, was quite variable among
the five localities, with oysters fromMarina Santa Marta being the larg-
est. Moreover, SDW values were exceptionally high in Marina Santa
Marta in both seasons, as were SDW/L ratios in Marina Santa Marta
(both seasons), Isla Brujas (rainy season) and, to a lesser extent, in Isla
Barú (dry season). Abnormal shell growth, including e.g. hypertrophy
and chambering, has been associated with exposure to endocrine
disruptors such as TBTs, which are characteristic of marinas and dock-
yards (Chagot et al., 1990); which could be the case for Marina Santa
Marta.

The highest FDW/SDWwas recorded in Isla Maparadita, with lower
values in the dry season than in the rainy season. Although it is com-
monly used in the case ofmussels as an indicator of individual condition
(Lobel and Wright, 1982; Smaal and van Stralen, 1990), FDW/SDW is
known to have some limited value as an index of nutritive status or re-
cent stress in oysters; both flesh and shell growth are disparately vari-
able throughout the year in tropical oysters and unpredictable
variations in SDW can also result from natural mineral incrustations
and stochastically occurring shell break-offs (Blaise et al., 2016; Crosby
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and Gale, 1990). In contrast, FDW/L overcomes uncertainties associated
to unpredictable variations in SDW (Blaise et al., 2016; Hellou et al.,
2003). Herein, higher FDW/L values were recorded in all the localities
in the rainy season than in the dry season. Oscillations in condition
index have been related to periods of post-spawning occurring towards
the end of each rainy season (Gordon, 1988). However, this does not
seem to be the case here, as spawning in the Caribbean is continuous.
Furthermore, following this argument, one would expect finding an in-
verse relationship between FDW/L values and degree of gonad develop-
ment, but no significant relationship was evident. Likewise, the high
FDW/L values recorded in the rainy season could also be explained by
seasonal increases in suspended organic matter. Interestingly, seasonal
increase in FCI in oysters is positively correlated with microbial load
but FCI decreases with too high microbial tissue loads due to sewage
pollution, which causes lower assimilation efficiency (Jana et al.,
2014). In the present study, the faecal bacteria load is higher in the
rainy season than in the dry season, which coincides with high FWD/L
values. Finally, seasonal fluctuations in FCI could be explained partially
by changes in salinity and number of days with extreme temperature
ranges, which may result in decreased feeding activity or quality diet
abundance (Austin et al., 1993).Water salinity at IslaMaparadita during
the rainy season droppedmore strongly than in any other locality stud-
ied. As a whole, in SantaMarta Bay, upwelling in the dry season leads to
increased salinity, decreased temperature and turbidity and enrichment
of inorganic nutrients due to the contribution of deep marine waters. In
the rainy season, outwelling occurs, mediated by tropical rainfall and
relevant river loads of sediment, organic matter and domestic sewage
to the Santa Marta Bay; this results in decreased salinity and dissolved
oxygen, and increased temperature, turbidity and phosphorus and chlo-
rophyll concentrations (Mancera-Pineda et al., 2013). The Gaira and
Manzanares rivers contribute with freshwater and sediments to Santa
Marta Bay during the rainy season, together with inorganic nutrients,
domestic sewage and litter. Furthermore, mineral coal transport and
loading activity in the nearby port might contribute to enhance sedi-
mentation and sediment re-suspension thus leading to episodically ele-
vated levels of suspended particulate matter. Therefore, FDW/L would
be governed by the nutritional status of by the influence of stressors
or specific contamination sources (e.g. domestic sewage) rather than
by seasonality in gamete development and spawning.

According to the SRI, evidence of sex ratio skew towards females
could be envisaged in Taganga oysters in both seasons. This locality is in-
fluenced by discharges from the nearby marine outfall of Santa Marta
and could therefore be recipient of potentially feminizing chemical pol-
lutants. The potential presence of endocrine disrupting chemicals is a
matter of concern; these chemicals include oestrogens, anti-
oestrogens, anti-androgens, substances that reduce other steroid hor-
mone levels, toxicants that affect the central nervous system, and toxi-
cants that affect hormonal status, which typically occur in mixtures in
domestic sewage effluents and industrial wastes (Depledge and
Billinghurst, 1999).Moreover, a certain arrest in gametogenesiswas ob-
served in Isla Brujas in the dry season, with a high prevalence of oysters
with undifferentiated follicles. In the rainy season, Santa Marta Marina
and Taganga showed themost advanced gamete development, whereas
the opposite was found in the dry season. Oocyte atresia was virtually
non-existent and therefore RAIwasmainly influenced by altered sex ra-
tios and arrest/delay of the gametogenic cycle, with the highest scores
recorded in Isla Brujas and Taganga, followed by Isla Barú. The observed
low-to-moderate reproduction anomalies, therefore, seem to be related
to pollutant exposure rather than to nutritional or environmental
conditions.

The prevalence of parasites (such asNematopsis sp., ciliates, intracel-
lular protists, R/CLOs and metazoans) was low in all the samples;
though somewhat higher in the dry season than in the rainy season.
These parasites are common in C. rhizophorae and related bivalves and
their seasonal variations and their relation to environmental conditions
have been previously reported. (Aguirre-Macedo et al., 2007; Boehs
et al., 2010; Brandão et al., 2013; Ceuta and Boehs, 2012; Marcogliese
and Cone, 1997; Nascimento et al., 1986; Sabry et al., 2007, 2011,
2013). R/CLOs have been previously recorded in the digestive gland
cells of C. rhizophorae (Brandão et al., 2013; Sabry et al., 2013) with
prevalence usually below 30% and absence of pathological effects. In C.
rhizophorae from Maraú River in Brazil, low prevalence (3.3%) of meta-
zoan and R/CLO was also reported in the rainy season in comparison
with the dry season (10–13.3%; Brandão et al., 2013). Likewise, low
prevalence (1.76%) of the metazoan Tylocephalum was found in C.
rhizophorae in the dry season, associated with high water temperature
(Sabry et al., 2007), as well as for R/CLO in the dry season in Mytella
guyanesis (Ceuta and Boehs, 2012). Isla Brujas, especially in the dry sea-
son, exhibited moderate prevalence of Nematopsis sp. and ciliates. As a
result, PII was higher in Isla Brujas (both seasons) than in the other lo-
calities, followed by Isla Barú and Isla Maparadita in the dry season. Pol-
lution by chemicals in mixture is a potential factor activating latent
infection in oysters (Chu et al., 2002). Isla Brujas receives the input
from theDique Channel, which is amain source of sediments and chem-
ical pollution in the Cartagena Bay (Vivas-Aguas et al., 2010).

Regarding inflammatory responses, only oedema and brown cell ac-
cumulation were recorded, and these were particularly high in the dry
season. During this season there might be some common causing
agent, but most especially in Isla Barú and Marina, be this a particular
pollutant, sewage contamination or environmental conditions. Inflam-
matory responses in bivalves are generally considered to be indicative
of stress, due to parasitosis (Cochennec-Laureau et al., 2003; Garmendia
et al., 2011) or xenobiotic compounds (Gold-Bouchot et al., 1995; Sheir
and Handy, 2010). Elevated levels of haemocytic infiltration and oede-
ma are general responses to chemical pollutants in molluscs (Au,
2004). T. Accordingly, IRI exhibited the same trends as PII in the rainy
season but not at all in the dry season. DGAI, which represents a fast
and enduring biological response to environmental stressors
(Garmendia et al., 2011; Marigómez et al., 2013), only exhibited a
low-to-moderate increase in Isla Brujas in the dry season and therefore
it did not provide any clear evidence of health impairment.

LT50 was in the range of 4–12 d for the Colombian sampling loca-
tions. Oysters from Isla Brujas in the dry season and, most markedly,
those from Isla Barú, Isla Brujas and Isla Maparadita in the rainy season
exhibited very low LT50 values. Unlike in Nicaraguan mangrove cupped
oysters, for which the lowest LT50 values were recorded in the dry sea-
son, Colombian oysters seem to bemore resistant to additional stress in
the dry season than in the rainy season, as it would be expected from a
stressed organism. Moreover, LT50 values were generally higher than in
Nicaragua, which might be related to the smaller size of the Colombian
oysters or to the poorer health condition of theNicaraguan oysters at re-
gional scale, as discussed above. Overall, the SoS response profile in the
dry season resembled the one recorded for DGAI but, conversely, these
biological responses were apparently not at all related in the rainy sea-
son, nor related to other observed health and growth parameters, nei-
ther with gamete development. Likewise, LT50 values could not be
related to the pollutant tissue burdens reported in the oysters
(Aguirre-Rubí et al., 2017). In the case of intertidal mussels from tem-
perate regions, LT50 values around 3–6 d have been reported on expo-
sure to Cu, Cd, PCB congeners, Aroclor 1254, and individual PAHs, in
comparison with N10 d recorded in control and reference mussels
(Eertman et al., 1995; Veldhuizen-Tsoerkan et al., 1991; Viarengo
et al., 1995). Thus, as a general rule, LT50 values N10 d are indicative of
healthy condition whereas values b6 d are indicative of stressed mus-
sels (Martínez-Gómez et al., 2017; Viarengo et al., 1995). These critical
values, however, can vary depending on species and the nutritional, re-
productive and physiological status of the organisms and on environ-
mental factors (Babarro and de Zwaan, 2008; Hellou and Law, 2003;
Koukouzika and Dimitriadis, 2005; Thomas et al., 1999). Likewise,
they can be different for different species, e.g. even if they are sympatric
Mytilus spp. (Hellou and Law, 2003), and therefore the present results
obtained for mangrove cupped oysters must be interpreted cautiously.
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Thoughmodulated bynatural variables and confounding factors, dif-
ferent indicators of health disturbance, alone and in combination, were
related to the presence of different profiles and levels of chemical pol-
lutants present at low-to-moderate levels. Thus, IBR/n discriminated
Isla Brujas and Isla Maparadita from the other localities in both seasons
aswell as Isla Brujas from IslaMaparadita in the dry season. Considering
altogether the present results and the pollutant tissue levels reported
for these mangrove cupped oysters (Aguirre-Rubí et al., 2017), it can
be concluded that different mixtures of a variety of persistent (e.g., As,
Cd, PAHs) and emerging chemical pollutants (e.g. musk fragrances) in
combination with different levels of organic and particulate matter
resulting from upwelling and sewage discharges, and environmental
factors (salinity, temperature) elicit a different degree of disturbance
in oyster health condition in mangrove-lined Caribbean coastal ecosys-
tems, as reflected in sentinel C. rhizophorae. As a result, IBR/nwas corre-
latedwith pollution indices such as PLI and CPI (Fig. 8), even though the
levels of biological anomalies used as indicators of health disturbance
and the levels of pollutants were in general terms low-to-moderate
and modulated by biological variables and environmental factors that
varied seasonally.

4.3. Assessment of ecosystem health disturbance

Integrative approaches for marine and coastal pollution monitoring
involve the use of methodological standards in both sampling, analysis
of samples and interpretation of results (ICES, 2011). Assessment of eco-
system health disturbance for the monitoring of pollution and its bio-
logical consequences in tropical and subtropical coastal regions is
constrained by (a) limitations for systematic routine sampling (e.g. ac-
cessibility to sampling sites is expensive and complicated, and may be
hampered by natural phenomena such as hurricanes, cyclones and
earthquakes); (b) the limited knowledge on the biology and ecology
Fig. 8. Regression models and correlation between IBR/n and CPI (a) and PLI (b) in
Colombian mangrove swamps in the dry season. CPI and PLI data obtained by Aguirre-
Rubí et al. (2017). CPI, Chemical Pollution Index (Bellas et al., 2011); PLI, Pollution Load
Index (Tomlinson et al., 1980).
of local/regional target species; (c) the lack of adequate sample trans-
portation to the laboratory (this may take long time under non-
optimal conditions for sample quality preservation); and
(d) technological hurdles (e.g. for cryo-processing and cryo-sample
transportation) that impede the application of core endpoints else-
where applied in coastal biomonitoring. Moreover, quantifying a suite
of biomarkers often requires purchasing of dedicated equipment, spe-
cialwares, and expensive reagents not always easy to afford bydevelop-
ing countries (Blaise et al., 2016).

As previously established by Blaise et al. (2016) for mussels of sub-
arctic and temperate regions, our study supports the use of simple,
low-cost methodological approaches to diagnose anomalies in the
health status of mangrove cupped oysters from different localities and
to identify potential causing agents. These anomaliesmay reflect distur-
bances in ecosystem health that can be associated to chemical pollut-
ants, eutrophication (e.g. from domestic sewage) as well as to
naturally or human-driven anomalies and extremes in environmental
factors such as salinity, dissolved oxygen, suspendedmatter, etc. Conse-
quently, the low-costmethodological approach used herein is useful for
the assessment of health status and disturbance in a variety Caribbean
coastal ecosystems using mangrove cupped oysters as sentinel species.
Likewise, this approach is useful to identify potential sources of health
disturbance, be these chemical pollutants or other stressors, which can
further on be identified following specific and more sophisticated and
cost-intensive analytical procedures.
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