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1  | INTRODUC TION

Amphidromous fishes occur in lotic ecosystems throughout the 
tropics, and they dominate stream fish assemblage biomass and 
abundance in multiple ecological contexts, especially on oceanic 
tropical islands (Engman & Ramírez, 2012; Kwak, Engman, Fischer, 
& Lilyestrom, 2016; McDowall, 2004, 2007; Thuesen et al., 2011). 
Juvenile and adult amphidromous fishes typically grow and spawn 
in freshwater streams and rivers. After hatching larvae drift to ma-
rine or estuarine environments where they undergo a pelagic lar-
val phase, then transition to postlarvae prior to recruitment (i.e., 

movement into a river mouth). Some amphidromous species un-
dergo synchronous, pulsed mass- recruitment events, which rep-
resent a large influx of biomass to the river over a relatively short 
period of time (Engman, Kwak, & Fischer, 2017; Jenkins, Jupiter, 
Qauqau, & Atherton, 2010). In fact, abundances are so high during 
mass- recruitment events that postlarvae are harvested for human 
consumption in globally distributed artisanal fisheries (Bell, 1999; 
Kwak et al., 2016). Following recruitment to rivers, the postlarvae 
of taxa such as sicydiine gobies rapidly migrate to upstream adult 
habitats, including high- elevation and low- order streams (Cooney & 
Kwak, 2013; Fitzsimons, Parham, & Nishimoto, 2002; Keith, 2003).
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Abstract
Diadromous fishes are known biotransport vectors that can move nutrients, energy 
and contaminants in an upstream direction in lotic ecosystems. This function has 
been demonstrated repeatedly in anadromous salmonids, but the role of other dia-
dromous species, especially tropical taxa, as biotransport vectors is less studied. 
Amphidromous fish species exhibit potential to act as upstream vectors of nutrients 
and contaminants in their postlarval and juvenile stages, but this role is largely un-
known because of limited understanding of larval growth habitats. Moreover, be-
cause some species are harvested in artisanal fisheries as postlarvae, and postlarvae 
are consumed by riverine and estuarine predators, heavy contaminant loads may pre-
sent a human or wildlife health concern. This research incorporates stable isotope 
and contaminant analyses to infer larval habitats and contaminant accumulation of 
amphidromous fishes on the Caribbean island of Puerto Rico. The isotopic signatures 
of postlarval amphidromous fishes indicated marine basal sources and food web 
components, rather than those from riverine habitats. Additionally, postlarvae did 
not contain concentrations of anthropogenic pollutants that would be of ecological 
or human health concern. These findings are the first and strongest evidence that 
amphidromous fish postlarvae function as biotransport vectors of marine nutrients 
into and up river ecosystems without posing a health threat to the receiving food 
web or human consumers.

K E Y W O R D S

amphidromous, biotransport, contaminants, ecosystem function, stable isotopes, tropical 
river

www.wileyonlinelibrary.com/journal/eff
http://orcid.org/0000-0003-2064-7680
http://orcid.org/0000-0003-2745-1939
mailto:gusengman@gmail.com


848  |     ENGMAN Et Al.

The migratory life history, ubiquity and abundance of amphi-
dromous fishes all suggest that they could play a role in tropical 
stream and river functioning through upstream nutrient trans-
port. This function has been repeatedly demonstrated in other 
diadromous and migratory fishes (Twining, Palkovacs, Friedman, 
Hasselman, & Post, 2017). Anadromous salmonids are the most 
well- known example, but other North American migratory taxa 
such as clupeids and catastomids have been demonstrated to 
be biotransport vectors and significant resource subsidies to 
stream ecosystems (Childress, Allan, & McIntyre, 2014; Jones & 
Mackereth, 2016; MacAvoy, Macko, & Garman, 1998; Naiman, 
Bilby, Schindler, & Helfield, 2002). If amphidromous larvae feed 
and grow in the marine food web, then postlarval recruitment and 
upstream migration could deliver marine nutrients to locations 
throughout drainage basins, including headwater streams. The 
transport function of tropical migratory fishes has been evaluated 
in only a few instances, and the role of amphidromous fishes as nu-
trient transport vectors remains unresolved (Flecker et al., 2010; 
Freeman, Pringle, Greathouse, & Freeman, 2003; Winemiller & 
Jepsen, 2004). Moreover, the sources of nutrition for amphidro-
mous postlarvae have only been evaluated in a single study in 
Hawaii (Sorensen & Hobson, 2005).

Migrant amphidromous postlarvae also have the potential to 
transport contaminants across the freshwater–marine interface 
and to upstream habitats. Similar to research on nutrient trans-
port, most empirical studies of contaminant transport by fishes 
focus on salmonids (Gerig et al., 2016; Krümmel et al., 2003; 
Sarica, Amyot, Hare, Doyon, & Stanfield, 2004), and Flecker et al. 
(2010) indicated the lack of studies on the role of migratory fishes 
as contaminant vectors in tropical lotic systems. In a recent island- 
wide study, Buttermore et al. (2018) demonstrated that the adult 
stages of native amphidromous fishes in Puerto Rico had relatively 
low concentrations of a suite of organic and metal environmental 
contaminants. Although the exact locations of the larval habitats 
of amphidromous fishes are unknown, they generally include es-
tuaries and the nearshore marine environment (McDowall, 2007), 
habitats which may accumulate anthropogenic pollutants depos-
ited by streams and rivers (Larsen & Webb, 2009; Williamson & 
Morrisey, 2000). Thus, amphidromous fishes may be exposed to 
larger quantities of environmental contaminants during larval 
growth and development than in the adult life stage. In either case, 
quantifying contaminant loading at all life stages is essential for un-
derstanding the role of migratory fish species in pollutant dynam-
ics (Baker, Schindler, Holtgrieve, & St. Louis, 2009). Additionally, 
amphidromous postlarvae experience a predator gauntlet, which 
includes fishes and wading birds, during recruitment and upstream 
migration, and are consumed by people where postlarvae fisheries 
occur (Bell, 1999; Engman, Fischer, Kwak, & Walter, 2017; Erdman, 
1961; Hein & Crowl, 2010; Kwak et al., 2016). If amphidromous 
postlarvae are highly contaminated, they may be of concern for 
human or wildlife health. To our knowledge, there are no published 
studies of upstream contaminant transport by nonsalmonid dia-
dromous fishes.

More information is needed on larval habitats and other char-
acteristics of the larval phase of amphidromous fishes to determine 
whether they function as nutrient and contaminant vectors. For ex-
ample, based on studies of larval tolerance to freshwater, it was pre-
sumed that the larvae of amphidromous gobies require high- salinity 
environments to survive the larval duration (Bell & Brown, 1995; Iida 
et al., 2010). However, recent studies using otolith microchemistry 
have demonstrated examples of facultative amphidromy (Hogan, 
Blum, Gilliam, Bickford, & McIntyre, 2014; Smith & Kwak, 2014). To 
determine whether postlarval amphidromous fish transport marine 
nutrients into and up freshwater streams and rivers, it is critical to 
identify the growth habitats of amphidromous larvae prior to river 
ingress.

In this study, we take crucial first steps towards determining 
the role of amphidromous fish migration in nutrient and pollutant 
transport in the Caribbean. We use stable isotope analyses to infer 
potential sources of nutrition and growth habitats during the larval 
phase in several species of Caribbean amphidromous fishes on the 
island of Puerto Rico. We also measure the concentrations of a suite 
of aquatic contaminants in the bodies of fish that are harvested in 
a postlarvae fishery to evaluate safety for consumption by humans 
and higher order consumers of aquatic food webs.

2  | MATERIAL S AND METHODS

2.1 | Study area

We selected the Río Grande de Arecibo drainage, Puerto Rico, and 
the adjacent nearshore marine environment as our study system, be-
cause regular and abundant mass- recruitment pulses of amphidro-
mous gobies occur at the mouth of this river during the last quarter 
moon phase for over half of each year (Engman, Kwak, et al., 2017). 
Additionally, the mouth of this river is one of the most well- known 
and important sites for an amphidromous postlarval goby fishery in 
Puerto Rico (Erdman, 1961). Therefore, postlarvae that recruit to this 
specific river are subject to human consumption. The total area of 
the Río Grande de Arecibo drainage is approximately 997 km2, and 
its geology is of mixed Karst and volcanic origin. The total length 
of the stream system from its headwaters to the mouth in the city 
of Arecibo is 92 km (Zamora, Corujo Flores, & Cham, 1986). Puerto 
Rico is an ideal island to study the early life history of amphidromous 
fishes, as nearly all native stream fishes are amphidromous and are 
widely distributed throughout the Caribbean and other regions, pro-
viding broad ecological relevance of our study to ecosystems else-
where (Neal, Lilyestrom, & Kwak, 2009).

2.2 | Biota sampling

We sampled recruiting postlarval amphidromous fishes and compo-
nents of the freshwater, marine, and estuarine food webs for stable 
isotope analysis at five locations: (i) the nearshore marine environ-
ment [i.e., in the ocean, 0.6–1.3 km offshore (north) of the river 
mouth], (ii) the river plume (i.e., a marine–freshwater mixing area 
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~0.1 km north of the river mouth), (iii) the mouth of the Río Grande 
de Arecibo (i.e., the location where the river channel ends and beach 
begins), (iv) a large pool downstream of a low- head dam in the lower 
freshwater zone of the river that is 2.64 river- km (rkm) upstream of 
the river mouth and (v) a site in a main tributary of the Río Grande 
de Arecibo called the Tanamá River that is 7.77 rkm upstream of the 
river mouth. Whole seston samples (i.e., plankton, small nekton and 
particulate organic matter) were collected from surface waters in 
the nearshore marine environment and from the river plume with 
a bongo- style net, which had two 0.3- m hoops, 500- μm mesh, a 
6:1 tail- to- mouth ratio, and was fitted with solid cup ends (Smith 
& Hightower, 2012). Recruiting postlarval amphidromous fishes 
(Sicydium spp., Awaous banana, Agonostomus monticola and Eleotris 
perniger) were collected at the river mouth and immediately down-
stream of the low- head dam with a 1 × 1 m, 1- mm mesh, benthic kick 
net (Engman, Kwak, et al., 2017). Samples of benthic algae, snails 
of the genus Neritina and riverine coarse particulate organic mat-
ter [CPOM (primarily leaves)] were also collected at the low- head 
dam site. Benthic algae and adult Sicydium spp. were collected from 
the Tanamá River site. Algae (primarily filamentous) were scraped 
from cobble- sized substrate with a scalpel; CPOM was collected 
by scooping with a D- shaped dipnet in depositional areas; adult 
Sicydium spp. were collected with a pulsed- DC backpack electro-
fisher (Smith- Root, Vancouver, WA); and Neritina were collected by 
hand. All samples collected for stable isotope analyses were tempo-
rarily stored in Whirl- paks (Nasco Science, Fort Atkinson, WI) on ice 
and	in	the	dark	while	in	the	field,	then	were	stored	in	a	−20°C	freezer	
until further processing.

For contaminant analyses, we collected samples of postlarval 
Sicydium spp. at the river mouth. We chose to conduct contaminant 
analyses on Sicydium spp. exclusively, because it is the target taxon 
of the postlarvae fishery. We collected samples only at the river 
mouth, because nearly all postlarvae fishing occurs at river mouths. 
Furthermore, we captured fish simultaneously with the active fish-
ery, so our samples are fully representative of the harvest. Sicydium 
spp. were collected and handled as described above for stable iso-
tope samples; they were sorted from other taxa in the field using 
food- grade utensils and stored in food- grade containers on ice be-
fore being frozen for later processing.

2.3 | Stable isotope analyses

Seston samples that were analysed for carbon and nitrogen stable 
isotope ratios were thawed, inspected for any larval or postlarval 
fishes under a dissecting microscope and filtered onto precom-
busted	 (450°C	×	4	hr)	47-	mm	glass	 fibre	 filters	 (GF/F;	Whatman)	
at low- pressure vacuum. The filters were treated with 10% hydro-
chloric acid (HCl) and then were rinsed thoroughly with deionized 
(DI) water. A single seston sample to be used for sulphur isotopic 
analysis was processed in a similar manner to that of seston for 
carbon and nitrogen except that the sample was concentrated 
into a small volume above the filter, then all organisms and organic 
matter were picked from this concentrate with forceps and rinsed 

with DI water before drying. All sampled postlarvae were sorted 
to species, or genus in the case of Sicydium, and were rinsed with 
DI water. The head and viscera of each postlarva were removed 
with a scalpel to prevent any stomach contents from affecting 
their isotopic signature and to remove the ossified otolith. Algae 
samples were inspected under a dissecting microscope and ad-
ditional POM, macroinvertebrates, and large pieces of substrate 
were separated from the algae. Then, algae samples were rinsed 
free of sediment with DI water. Macroinvertebrates were also 
removed from CPOM samples, which were subsequently rinsed 
with DI water. Samples of Neritina were removed from their shells, 
foot muscle tissue was separated from the viscera, which was dis-
carded, and muscle tissue was rinsed with DI water. Lateral mus-
culature was removed from skinned samples of adult Sicydium. 
Samples of adult Sicydium were processed and analysed as indi-
viduals, while all other samples were composites of multiple indi-
viduals that were sampled at the same time and location to ensure 
sufficient mass for analysis. Composite samples of amphidromous 
postlarvae contained 7–30 individuals. All samples were dried to 
a	constant	mass	at	60°C,	and	all	samples	except	the	GF/F	filters	
were ground to a fine powder with a mortar and pestle before 
analyses.

Stable isotope analyses were conducted at the Colorado 
Plateau Stable Isotope Laboratory at Northern Arizona University 
in Flagstaff, Arizona, USA. There, samples were combusted to gases 
(CO2, N2 and SO2), and their respective stable isotopes were mea-
sured with gas isotope ratio mass spectroscopy. Isotopic ratios were 
calculated with the following formula:

where Rsample is 13C/12C, 15N/14N, or 34S/32S in the sample and Rstandard 
is 13C/12C, 15N/14N, or 34S/32S in the standard. Analytical standards 
were atmospheric N2 for nitrogen, Vienna Pee Dee Belemnite for 
carbon and Canyon Diablo Triolite for sulphur (Fry, 2006). We calcu-
lated the mean and standard error of all three isotopic ratios for each 
food web component and amphidromous taxon, then constructed a 
δ34S plot and a δ13C and δ15N biplot. Isotopic ratios and plots were 
used to infer sources of basal resources assimilated by amphidro-
mous taxa prior to recruitment.

2.4 | Contaminant analyses

Samples of Sicydium postlarvae were analysed for organic and in-
organic contaminants as composites of the whole body tissues (in-
cluding head and viscera) of multiple individuals, because this is the 
manner of human consumption. We created replicate composite 
samples of Sicydium (each sample consisted of 103–263 individuals) 
collected on two dates (20 July, 2014, and 9 July, 2015) for analy-
ses of organic contaminant and metal concentrations. We prepared 
samples for analyses by first homogenising them in a stainless steel 
food	processor	and	 then	storing	 them	 in	a	−80°C	freezer	 in	 food-	
grade containers.

δX=

(

Rsample

Rstandard

−1

)

×1,000
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Samples were analysed for a suite of organic contaminants in-
cluding ten polychlorinated biphenyl congeners (PCBs, all Aroclor), 
20 organochlorine pesticides (OCPs) and 27 semivolatile organic 
compounds [18 polycyclic aromatic hydrocarbons (PAHs), seven 
current	use	pesticides	 (CUPs),	1,1′-	Biphenyl,	and	Dibenzofuran]	by	
Shealy Environmental Services, Inc., West Columbia, South Carolina, 
USA. Additionally, the per cent lipids of each sample were mea-
sured by Shealy Environmental Services, Inc. Organic contaminant 
compounds were extracted from tissue samples using EPA method 
3540C (Soxhlet extraction). The concentrations of semivolatile com-
pounds were measured by gas chromatography/mass spectrometry 
(GC/MS) following the protocol for EPA method 8270D. The con-
centrations of PCBs were measured by GC following EPA analytical 
method 8082A, and the concentrations of OCPs were measured 
with EPA analytical method 8081B. The detection limits of organic 
compounds ranged 0.021–220 μg/kg wet weight (Table 2). Quality 
control was conducted by measuring the per cent recovery of sur-
rogate compounds in spiked samples. The per cent recovery was al-
ways within the acceptance limits, and all organic contaminants are 
reported as wet weight (w.w.) concentrations.

To further prepare Sicydium postlarvae homogenates for metal 
analysis, the tissues were weighed wet, freeze dried (lyophilised) and 
reweighed to determine the per cent moisture. Then, they were an-
alysed for 22 metals at RTI International, Durham, NC. To measure 
the concentrations of all metals except mercury, fish tissues were 
processed following a modified version of the EPA 3050B method, 
then were analysed with a Thermo X- Series II ICP- MS or a Thermo 
iCAP6500 ICP- OES depending on the concentration of the analyte 
present in the samples. Mercury was analysed with the cold- vapour 
atomic absorption method using a Milestone DMA- 80 mercury an-
alyzer. Quality control on metal analyses included measures of per 
cent recovery of laboratory control samples (LCS). Per cent recovery 
was always 80%–120%, which is an acceptable level of accuracy, and 
therefore, results were not corrected for per cent recovery.

We summarised laboratory results for comparison with other 
studies of fish tissue concentrations and agency guidance for as-
sessing chemical contaminant data in fishes. We first calculated the 
per cent of detections for each contaminant (i.e., per cent of sam-
ples that had concentrations above the detection limit). Next, we 
calculated the mean and standard error of the concentrations of 
each contaminant that was determined for all four of the samples. 
In the case that a specific analyte was detected in some, but not all, 
samples, a concentration of 1/2 of the detection limit, was used for 
the samples where the analyte was not detected, and this value was 
used to calculate the mean and standard error. Mean and individual 
sample concentrations of each contaminant were compared to end-
points and thresholds provided for concentrations in the tissue of 
fishes or seafood by the US Environmental Protection Agency (EPA) 
and the US Food and Drug Administration (FDA) (USEPA, 2000; 
USFDA, 1998). In the case that guidance from these two federal 
agencies was unavailable for a given analyte, we referred to the rec-
ommendations of the North Carolina Department of Public Health 
(NCDPH) (NCDPH, 2007).

3  | RESULTS

3.1 | Isotopic composition

We collected samples of Sicydium spp. and A. banana for stable 
isotope analyses in two morphological stages, and both stages had 
similar isotopic composition. Postlarvae at the river mouth were 
almost completely unpigmented and displayed the characteristics 
of the postlarval stage 1 (PL1) described by Keith et al. (2008) for 
Sicyopterus lagocephalus. Postlarvae at the dam had acquired pig-
mentation analogous to the postlarval stage 2 (PL2) described by the 
same authors. In the Río Grande de Arecibo, recruiting gobies were 
in the PL1 stage at the mouth of the river, then migrated to the dam, 
and transitioned to the PL2 stage in as little as 24–48 hr after river 
ingress (personal observation). Sicydium spp. and A. banana from the 
mouth and dam stations had very similar δ34S, δ13C and δ15N signa-
tures (Table 1), so mean and standard error of δ34S, δ13C, and δ15N 
values were calculated for stages and locations combined for each 
taxon (Figures 1 and 2).

Mean and individual δ34S values of all the migrant amphidromous 
postlarvae were more similar to each other, the sample of marine 
seston and known values for seawater sulphate than any of the riv-
erine food web components. δ34S values (mean values where avail-
able) of all the amphidromous postlarvae were between 20.3‰ and 
21.3‰ and were always one standard error or more above 19.8‰ 
(Table 1, Figure 1). These means and standard errors overlap, or are 
very close to the δ34S value of the nearshore marine seston sam-
ple and global ocean water sulphate, which is uniformly ~21‰ 
(Michener & Lajtha, 2007; Rees, Jenkins, & Monster, 1978). The δ34S 
values of all riverine food web components were between 8.4‰ 
and 9.4‰, and even though riverine benthic algae had a relatively 
variable sulphur signature, its mean δ34S value was more than one 
standard error below 10‰.

The δ13C values of amphidromous postlarvae were generally 
much more enriched in 13C than the riverine food web compo-
nents and slightly more enriched than nearshore marine seston 
samples, while seston samples from the plume had intermediate 
δ13C values. The mean δ13C values of all three taxa of amphidro-
mous postlarvae were clustered together and spanned values of 
−19.4‰	 (E. perniger)	 to	 −17.8‰	 (A. monticola) (Table 1, Figure 2). 
Also, where calculable, the variability (as standard error) of the 
δ13C of postlarval migrants was relatively low, which suggests con-
sistency in the basal resources utilised for growth by larval taxa 
that we sampled (Table 1). Nearshore marine seston had slightly 
13C- depleted and more variable δ13C values compared to amphi-
dromous postlarvae, but was 13C- enriched and less variable com-
pared to samples from the river plume. The mean δ13C values of 
all riverine food web components were lower than any migrant 
postlarvae or marine seston. Neritina had the most enriched δ13C 
signature of riverine food web components, while the river CPOM 
signature was the most depleted. Adult Sicydium had a depleted 
mean δ13C value that was relatively close to the mean value of 
benthic algae. The δ13C signature of riverine benthic algae was 
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the most variable (SE = 7.3) of all food web components anal-
ysed (Table 1); its mean ± 1 SE encompassed the values of both 
of its expected consumers [i.e., Neritina spp. and Sicydium adults 
(Erdman, 1961; March, Pringle, Townsend, & Wilson, 2002)] as well 
as values for all other food web components, except for the mean 
of A. banana and the single value obtained for A. monticola post-
larvae (Table 1, Figure 2).

All taxa of amphidromous postlarvae exhibited similar, and rel-
atively low (4.8%–5.7‰) δ15N values. Of the postlarvae, Sicydium 
spp. had the lowest δ15N at 4.8‰, and A. monticola had the high-
est at 5.7‰ (Table 1). All of these values were below the mean 
values for nearshore marine seston, river algae, adult Sicydium 

spp. and Neritina spp. but above values for seston collected in the 
plume and river CPOM. Neritina spp. had the most enriched nitro-
gen isotopic signature of any of the sample types and was 3.8‰ 
above the mean of its expected basal food source, benthic algae. 
Adult Sicydium spp. is another known algivore, which had only a 
slightly more 15N- enriched mean nitrogen signature, and the error 
bars of these two consumers were overlapping (Figure 2). Benthic 
algae had the most variable δ15N values followed by marine seston 
(Table 1).

Item δ13C (‰) δ15N (‰) δ34S (‰)

Benthic algae −26.1	±	7.3	(3) 5.8 ± 0.7 (3) 8.3 ± 1.4 (2)

Particulate organic matter −29.6	(1) 4.6 (1) 9.0 (1)

Neritina spp. −21.5	(1) 9.6 (1) 8.4 (1)

Sicydium spp. adults −27.6	±	0.2	(7) 6.2 ± 0.1 (7) 9.4 ± 0.1 (7)

Sicydium spp. postlarvae (river mouth) −18.8	±	0.0	(3) 4.8 ± 0.3 (3) 20.3 ± 0.5 (3)

Sicydium spp. postlarvae (dam) −18.8	±	0.1	(3) 4.8 ± 0.2 (3) 20.4 ± 0.2 (1)

Awaous banana postlarvae (river mouth) −18.4	±	0.1	(2) 5.0 ± 0.1 (2) 20.6 (1)

Awaous banana postlarvae (dam) −18.8	±	0.2	(2) 5.5 ± 0.1 (2) 20.4 ± 0.2 (2)

Agonostomus monticola postlarvae −17.8	(1) 5.7 (1) 21.3 (1)

Eleotris perniger postlarvae −19.4	(1) 4.9 (1) 20.4 (1)

Seston (nearshore marine) −20.7	±	0.6	(6) 6.2 ± 0.6 (6) 20.2 (1)

Seston (river plume) −24.5	±	1.3	(3) 4.7 ± 0.2 (3)

Values shown are mean ± SE where calculable. Numbers in parentheses represent the number of 
composite samples for each item, except for Sicydium spp. adults, where it is the number of individu-
als sampled.

TABLE  1 Mean carbon, nitrogen and 
sulphur stable isotopic composition of 
marine, river plume and riverine organic 
matter samples from the Río Grande de 
Arecibo and nearshore marine 
environment

F I G U R E  1 Mean (±SE) δ34S of organic matter samples, including 
migrant amphidromous postlarvae, riverine food web components 
and marine seston from the Río Grande de Arecibo and nearshore 
marine environment. Points are individual sample values where 
error bars are absent F I G U R E  2 Mean (±SE) δ13C and δ15N biplot for the Río Grande 

de Arecibo and nearshore marine environment. Organic matter 
sample material is indicated by symbols. Symbols are individual 
sample values where error bars are absent
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3.2 | Contaminants

Sicydium postlarvae were low in lipids (mean per cent lipids = 1.89%, 
SE = 0.12); therefore, it was not necessary to correct contaminants 
concentrations for lipid content. We detected 14 OCPs and three 
CUPs (all forms of Endrin) in the bodies of Sicydium postlarvae; levels 
of all other organic contaminants were below detection (Table 2). No 
PCBs were at concentrations above the detection limits. Of the 17 
organic contaminants detected, six (alpha- BHC, delta- BHC, dieldrin, 
Endosulfan	 I,	Endosulfan	 II,	Endrin,	and	4,4′-	DDT)	were	present	at	
concentrations above detection limits in 100% of the samples ana-
lysed (Table 2). All of the observed concentrations of organic con-
taminants were below known permissible limits or health endpoints 
for concentrations in fish tissue that are recommended for human 
consumption (NCDPH, 2007; USEPA, 2000; USFDA, 1998).

Twenty of the 22 metals analysed were present in the bodies 
of Sicydium postlarvae at concentrations above laboratory detection 
limits. With the exception of cobalt, lead, silica and vanadium, all de-
tected metals were present in 100% of the samples that were ana-
lysed (Table 2). Arsenic, cadmium, chromium, lead, mercury, nickel 
and selenium are classified as chemical hazards or target analytes 
for risk assessment and management with maximum levels or health 
endpoints identified for human consumption (USEPA, 2000; USFDA, 
1998). All measured tissue concentrations of total arsenic in Sicydium 
were well below the FDA- designated limit for shellfish of 76 ppm 
total arsenic (USFDA, 1998). The EPA and many other agencies only 
provide guidance for inorganic arsenic value in edible fish tissues 
because the organic form of arsenic is relatively nontoxic (USEPA, 
2000). To compare our results with these values, we applied infor-
mation from a review by Neff (1997) that demonstrated that inor-
ganic arsenic makes up between 0.5% and 1.0% of the total arsenic in 
most marine invertebrates and fishes. If we conservatively assume a 
value of 1.0% inorganic arsenic in the Sicydium spp. that we sampled, 
then the mean value of inorganic arsenic in our samples would be 
0.05 μg/g w.w.; all but one individual sample would be below the EPA 
unlimited noncancer health endpoint; and one sample would be in 
the range of the 16 meals/month consumption limit. The mean tissue 
concentration of selenium in Sicydium spp. (1.45 ± 0.58 μg/g w.w.) 
was close to, but below, the EPA noncancer unrestricted health 
endpoint for fish tissues (1.5 μg/g w.w.); however, values of two of 
the individual samples (2.40 and 2.52 μg/g w.w.) exceeded the unre-
stricted health endpoint and were in the consumption range recom-
mended for 16 meals per month (1.5–2.9 μg/g w.w.) (USEPA, 2000; 
Table 2). The mean and individual values of all other metal concen-
trations were well below known and available thresholds.

4  | DISCUSSION

4.1 | Stable isotopes

Our stable isotope findings provide key insights into the environ-
ment that supports larval growth and development of several 
Caribbean amphidromous fishes. Specifically, we present evidence 

that Sicydium spp., A. banana, E. perniger and A. monticola utilise 
the marine environment during larval stages, rather than freshwa-
ter portions of a river or a freshwater–marine mixing zone near the 
river mouth. Carbon and sulphur isotopic signatures were useful for 
making this distinction, as the bodies of amphidromous postlarvae 
were consistently more similar in this aspect to components of the 
marine food web than those sampled in the river or the river plume. 
Additionally, the isotopic signatures of Sicydium spp. postlarvae were 
distinct from those of adults, which suggest differential habitat and 
basal resource use between these life stages. Furthermore, there 
was no evidence that migrant goby postlarvae that were captured 
in the freshwater portion of the river had distinct isotopic signatures 
from those captured at the river mouth. Smith and Kwak (2014) 
found evidence of deviation from amphidromy in small percentages 
of A. banana, A. monticola and Sicydium spp. populations (e.g., 6.7% 
in A. banana) with otolith microchemistry analyses. It is possible that 
some of the fishes that we captured at the dam site had not under-
gone a larval phase in the ocean. However, if present, these nonmi-
gratory individuals were in low enough abundance that they did not 
appreciably affect the isotopic ratios of our bulk samples. Thus, our 
findings confirm Smith and Kwak’s (2014) broader conclusion that 
amphidromy is the dominant life history of these species.

Sulphur isotopic composition of amphidromous migrant postlar-
vae provided clear evidence that they feed and grow in the marine 
environment prior to river ingress. Sulphur isotopes are useful for 
distinguishing reliance on marine or freshwater food webs in animals, 
because minimal fractionation occurs with trophic transfer, and ma-
rine primary producers are consistently and strongly distinct from 
terrestrial plants in δ34S (Peterson & Fry, 1987). In the case of our 
study, the δ34S signatures of migrant postlarvae were always more 
than twice as enriched in 34S as primary producers, CPOM, and pri-
mary consumers in the freshwater environment, including adults of 
the same taxon. Postlarval δ34S values were very similar to a sample 
of nearshore marine seston and universal seawater sulphate values 
(Rees et al., 1978). Moreover, they were within the range of values 
(+17 to +21‰) that would be expected for marine plankton and sea-
weed on a global basis (Peterson & Fry, 1987). This strongly implies 
that oceanic primary producers or consumers of oceanic primary 
production are a likely food source for larval amphidromous fishes.

The results of the carbon isotope analysis provided additional 
evidence that amphidromous larval growth is based on produc-
tion from marine, rather than riverine, sources. Like δ34S, the δ13C 
values of amphidromous postlarvae exhibited minimal variation 
around mean values, and means or individual values were similar 
across taxa, which suggest reliance on a single, common source of 
primary production. Also, the δ13C values of amphidromous postlar-
vae were distinct from, and enriched in 13C compared to riverine or 
river plume food web components. This result agrees well with the 
findings of Coat, Monti, Bouchon, and Lepoint (2009) and Coat et al. 
(2011), who also observed a pattern of increasing carbon isotopic 
enrichment with increased reliance on marine production in stream 
organisms on the Caribbean island of Guadeloupe. The difference 
in mean δ13C of Sicydium spp. adults and postlarvae (8.8‰) is 



     |  853ENGMAN Et Al.

especially informative, because it indicates that this taxon depends 
on separate basal resources for larval and adult growth. Our carbon 
isotopic results indicate that the pelagic marine environment is the 
likely source of primary production that is utilised for larval growth 
by Caribbean amphidromous fishes because fish δ13C values were 
similar to marine seston.

Although δ15N can be useful for distinguishing marine and fresh-
water food webs, we primarily interpreted our measured nitrogen 
isotopic composition as an indicator of trophic level. δ15N is a reliable 
indicator of trophic level because trophic- transfer fractionation of 
this isotope causes a predictable level of enrichment with each ad-
dition of a trophic level in a given food web (Peterson & Fry, 1987). 

Class Contaminant Concentration MDL % Detection

Organochlorine 
pesticides

Aldrin 0.04 ± 0.01 0.04 50

Gamma- BHC (Lindane) 0.07 ± 0.03 0.08 25

alpha- BHC 0.12 ± 0.01 0.05 100

beta- BHC 0.60 ± 0.25 0.04 100

delta- BHC 0.20 ± 0.08 0.02 75

cis- Chlordane 0.07 ± 0.03 0.03 75

trans- Chlordane 0.04 ± 0.03 0.03 25

4,4′-	DDT 0.20 ± 0.01 0.07 100

Dieldrin 0.20 ± 0.06 0.03 100

Endosulfan I 0.26 ± 0.08 0.04 100

Endosulfan II 0.13 ± 0.06 0.03 75

Heptachlor 0.16 ± 0.09 0.06 25

Heptachlor epoxide 0.08 ± 0.02 0.04 25

Methoxychlor 0.18 ± 0.08 0.07 50

Current use 
pesticides

Endrin 0.14 ± 0.04 0.02 100

Endrin aldehyde 0.05 ± 0.02 0.03 50

Endrin ketone 0.07 ± 0.03 0.04 50

Metals Aluminium 10.05 ± 5.13 0.80 100

Arsenic 4.98 ± 2.53 0.20 100

Barium 0.05 ± 0.01 0.08 100

Cadmium 0.06 ± 0.01 0.04 100

Cobalt 0.06 ± 0.02 0.08 50

Chromium 0.51 ± 0.18 0.08 100

Copper 0.55 ± 0.09 0.08 100

Iron 21.81 ± 8.87 0.20 100

Mercury <0.01 ± <0.01 <0.01 100

Potassium 1,442.39 ± 152.58 0.40 100

Magnesium 226.35 ± 15.71 0.20 100

Manganese 1.59 ± 0.31 0.04 100

Sodium 483.07 ± 66.30 0.40 100

Nickel 0.28 ± 0.09 0.08 100

Lead 0.04 ± 0.01 0.04 50

Selenium 1.45 ± 0.58 0.08 100

Silica 1.67 ± 0.50 0.8 75

Strontium 16.81 ± 1.20 0.04 100

Vanadium 0.08 ± 0.05 0.04 75

Zinc 9.41 ± 0.57 0.08 100

Organic contaminant concentrations and minimum detection limits (MDL) are expressed as parts per 
billion wet weight. Metal concentrations are expressed as parts per million wet weight, and metal 
MDLs are expressed as parts per million dry weight. Per cent (%) detection is the per cent of samples 
(N = 4) in which the contaminant was measured above the MDL.

TABLE  2 Mean concentration and 
standard error (SE) of all contaminants 
that were detected in at least one sample 
of Sicydium spp. postlarvae from the Río 
Grande de Arecibo
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We sampled two known consumers of benthic algae in the freshwa-
ter environment, both of which were more 15N- enriched than algae. 
Neritina spp. was about 3.8‰ more enriched than the mean value 
for algae, which would be an expected difference for an algal con-
sumer that is known to feed on benthic invertebrates as well (March 
& Pringle, 2011). Our measured δ15N value was about 1‰ greater 
than the value reported by March and Pringle (2011) for Neritina spp. 
in a lowland reach of another Puerto Rico river. The difference in 
mean δ15N values of algae and adult Sicydium spp. was not as great 
as that expected by trophic fractionation. Algae values were highly 
variable, which may suggest that anthropogenic inputs (e.g., waste-
water effluent, fertilizer) have enriched the δ15N values of basal 
resources in the streams that we studied on some of the sampling 
occasions (McClelland, Valiela, & Michener, 1997). Temporal and 
spatial variation in stream discharge affects nitrogen delivery, algal 
fractionation and the periphyton community and is an additional 
explanation for the lower- than- expected difference in mean δ15N 
values of algae and adult Sicydium spp. (Michener & Lajtha, 2007). 
Furthermore, although we searched for and removed any visible 
macroinvertebrates from our samples of benthic algae, it is possible 
that some microinvertebrates remained in samples, which would in-
crease their δ15N. Marine seston had a higher mean δ15N signal than 
postlarval fish, which may indicate that these samples contained 
multiple trophic levels, possibly including those above larval fishes. 
We anecdotally observed ctenophores, chaetognaths and cnidarians 
in some samples (personal observation). The relatively high variabil-
ity in marine seston δ15N suggests that individual samples contained 
varying proportions of different trophic levels. The value of postlar-
val δ15N relative to seston appears to indicate that amphidromous 
larvae feed on the lower trophic levels of the marine pelagic food 
web, possibly consuming a combination of marine primary produc-
ers and primary consumers, such as zooplankton. However, virtually 
nothing is known about the food habits of amphidromous larvae in 
their pelagic phase.

4.2 | Contaminants

The Sicydium spp. postlarvae—a culturally significant food in Puerto 
Rico and other Caribbean locations—that we sampled had not accu-
mulated toxic contaminant concentrations to levels of concern for 
human, fish or food web health during larval growth and transition to 
postlarvae. Mean concentrations of all measured contaminants were 
below thresholds for recommending limits on consumption. Twenty 
metals that were analysed were at levels above detection limits but 
they included many that are essential nutrients and are only toxic at 
extremely high levels of consumption (e.g., sodium, magnesium, po-
tassium). Other, more toxic metals present at levels above detection 
limits (e.g., chromium, mercury, lead and nickel) were at concentra-
tions that were well below known thresholds or levels of concern for 
human consumption. Only two metals that are considered chemical 
hazards, selenium and arsenic, were present in samples of Sicydium 
spp. at concentrations of the lowest levels of concern for human con-
sumption. Individual sample values of arsenic and selenium exceeded 

EPA thresholds for limiting the consumption of postlarval Sicydium 
spp. to 16 meals per month, but mean concentrations of both metals 
were within recommended values for unlimited consumption. Sicydium 
spp. postlarvae are available for harvest during very limited time peri-
ods, and this food is a regional delicacy, rather than a staple seafood 
(Engman, 2017). So, it is very unlikely that the consumption of Sicydium 
spp. postlarvae from the Río Grande de Arecibo or similar Caribbean 
rivers would occur at rates to make it a concern to human health, fish 
or wildlife predators. Furthermore, although selenium can have acute 
and chronic toxicity, it is also an essential nutrient with interactive ef-
fects that reduce the toxicity of other metals such as mercury, lead and 
arsenic (USEPA, 2000).

The sources and processes that resulted in the observed tissue 
concentrations of these metals are uncertain, but there is no conclu-
sive evidence to indicate that Sicydium spp. are highly contaminated 
from anthropogenic sources. For example, the levels of total arsenic in 
marine organisms are known to be extremely variable and often natu-
rally much higher than those of freshwater fishes. Based on our calcu-
lations, the levels of inorganic arsenic in Sicydium postlarvae would be 
within the range of values (0.001–0.500 μg/g w.w.) expected for fish 
and invertebrates from uncontaminated marine environments (Neff, 
1997; USEPA, 1997). Arsenic and selenium are naturally present in the 
earth’s crust and reach the oceans through natural transport routes 
such as weathering, erosion, volcanoes and rivers. However, these 
metals also originate from anthropogenic sources and activities such 
as smelting/mining, surface mine drainage, paints, alloys, batteries, 
plastics, pesticides, herbicides and waste disposal operations (Neff, 
1997; USEPA 2000). It is notable that despite the relatively young age 
of these fish [between 36 and 89 days old (Engman et al., 2017b)], 
they had already accumulated multiple contaminants including several 
organic pollutants (i.e., OCPs and CUPs) to detectable levels.

4.3 | Ecological implications

These findings indicate that amphidromous postlarvae do indeed 
transport marine nutrients and energy into and up rivers during 
recruitment migrations, but do so without substantial burdens of 
anthropogenic contaminants. Therefore, recruiting postlarvae pro-
vide a relatively uncontaminated food source for local people and 
fish and bird predators. Moreover, if there is an efficient means 
for the transfer of these nutrients to freshwater or estuarine food 
webs (e.g., via predation or excretion), then amphidromous postlar-
val recruitment could function as a marine material subsidy to these 
systems. Whether or not amphidromous recruits represent a true 
marine subsidy also depends on postlarval migrant biomass, but our 
research findings are the first and strongest evidence of the ma-
rine nutrient transport function of amphidromous fish migrations in 
freshwater lotic ecosystems.
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