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A B S T R A C T   

Energy flows from land to sea and between pelagic and benthic environments have the potential to increase the 
connectivity between estuaries and adjacent ecosystems as well as among estuarine habitats. To identify such 
energy flows and the main trophic pathways of energy transfer in the Minho River estuary, we investigated the 
spatial and temporal fluctuations of carbon and nitrogen stable isotope ratios in benthic (and their potential food 
sources) and epibenthic consumers. Sampling was conducted along the estuarine salinity gradient from winter to 
summer of 2011. We found that the carbon (δ13C = 13C/12C) and nitrogen (δ15N = 15N/14N) stable isotope ratios 
of the most abundant benthic and epibenthic consumers varied along the salinity gradient. The δ13C values 
increased seaward, whereas the opposite pattern was found for the δ15N, especially during the summer. The 
stable isotope ratios revealed two trophic pathways in the Minho estuary food web. The first pathway is sup-
ported by phytoplankton and represented by filter feeders such as zooplankton and some deposit feeders, 
particularly amphipods and polychaetes. The second pathway is supported by detritus and composed essentially 
of deposit feeders, which by being consumed, allow detritus to be incorporated into higher trophic levels. Spatial 
and temporal feeding variations in the estuarine benthic food web are driven by hydrology and proximity to 
adjacent ecosystems (terrestrial, marine). During high river discharge periods, the δ13CPOC (ca. -28‰) and C: 
NPOM (>10) values suggested an increase of terrestrial-derived OM to the particulate OM pool, which was then 
used by suspension feeders. During low river discharge periods, marine intrusion increased upriver, which was 
reflected in benthic consumers’ 13C-enriched stable isotope values. No relationship was found between food 
quality (phytoplankton vs. detritus) and food chain length because the lowest and highest values were associated 
with freshwater and saltmarsh areas, respectively, both dominated by the detrital pathway. This study demon-
strates that benthic consumers enhance the connectivity between estuaries and its adjacent ecosystems by uti-
lizing subsidies of terrestrial and marine origin and that benthic-pelagic coupling is an important energy transfer 
mechanism to the benthic food web.   

1. Introduction 

Estuaries are among the most productive ecosystems on the planet 
and produce highly variable food webs associated with different habitats 
and distinct sources of organic matter (OM) (Canuel et al., 1995; Sell-
eslagh et al., 2015). At the landscape scale, estuarine habitats are 
interconnected by several processes and events which allow the move-
ments of nutrients, detritus, and organisms between habitats and across 

ecosystem boundaries (Vanni et al., 2004; Sheaves, 2009). The 
cross-habitat movements of OM create a land to sea gradient; generally, 
the contribution of terrestrial-derived OM to estuaries decreases towards 
the ocean, and the contribution of marine-derived OM follows the 
opposite pattern (Antonio et al., 2012; Valiela and Bartholomew, 2015; 
Dias et al., 2016). The magnitude of these movements varies temporally: 
daily with tides, seasonally with river inflow, and annually with 
different climatic patterns (Riley et al., 2004; Hoffman and Bronk, 2006; 
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Dias et al., 2016). Animal movements are also an important source of 
cross-ecosystem subsidies (e.g., Howe and Simenstad, 2015). That is, 
animals feed and grow in one ecosystem and afterward move to another 
ecosystem where they support local food webs as prey or by trans-
locating nutrients via death and decay, as exemplified by the anadro-
mous species that subsidize freshwater ecosystems with marine-derived 
nutrients (Schindler et al., 2003; Kohler et al., 2012; Weaver et al., 
2016). Thus, the cross-ecosystem transport of OM can provide energy 
subsidies to spatially disparate communities (e.g., Polis et al., 1997; 
Antonio et al., 2012; Hoffman et al., 2015). 

Secondary production and food web complexity depend on the 
quality and quantity of the basal OM sources (Rooney and McCann, 
2011). Pelagic pathways, associated with phytoplankton consumption, 
are considered more efficient than benthic pathways associated with the 
consumption of detritus because this is a less labile OM source (Rooney 
and McCann, 2011). Nonetheless, a diverse array of OM sources, 
including terrestrial-derived OM (Kasai and Nakata, 2005; Dias et al., 
2014), phytoplankton (Yokoyama et al., 2005), benthic microalgae 
(Kang et al., 2003), and coastal algae (Currin et al., 1995), support 
benthic communities. Thus, benthic productivity depends partially on 
the quality and quantity of OM transferred from the pelagic to the 
benthic habitats via sedimentation, which can increase the incorpora-
tion of allochthonous OM (i.e., external inputs) into the food web 
(Hughes et al., 2000; Bergamino and Richoux, 2015), potentially 
increasing estuarine secondary production and food web stability (Huxel 
and McCann, 1998; Carpenter et al., 2005). 

Benthic organisms generally are opportunistic feeders, and their diet 
is spatially influenced by differences in the primary OM sources avail-
able (Keats et al., 2004) and feeding habits (Lucero et al., 2006). Thus, 
different trophic pathways may arise in estuarine benthic food webs due 
to the variability of both trophic guild diversity and resources available, 
which tend to be higher in mixing areas such as estuaries (Hoffman 
et al., 2015). Consequently, benthic organisms influence the spatial 
patterns of trophic relationships in estuarine food webs. However, due to 
their generally low body size and high variability in the available OM 
sources, which includes detritus of different origins (e.g., aquatic and 
terrestrial plants, senescent phytoplankton), it is challenging to deter-
mine feeding relationships using stomach content analysis. Alterna-
tively, carbon (δ13C = 13C/12C) and nitrogen (δ15N = 15N/14N) stable 
isotope ratios provide time-integrated information about both trophic 
levels and energy flow through food webs. The δ15N value of an or-
ganism is typically enriched by ca. 3‰ relative to its diet and is used to 
determine the trophic position of an organism (Minagawa and Wada, 
1984; Vander Zanden and Rasmussen, 2001). The δ13C value changes 
little (ca. 1‰ per trophic level) as carbon moves through the food web 
and is used to evaluate the sources of energy used by an organism 
(Peterson and Fry, 1987; Vander Zanden and Rasmussen, 2001). 

Benthic organisms have limited mobility and therefore are excellent 
models for studying the importance of energy pathways in different 
locations within an estuary. We hypothesize that benthic consumers 
from different areas within the estuary will have distinct stable isotope 
ratios along the spatial gradient owing to differential food availability 
and connectivity with other ecosystems (Antonio et al., 2012; Dias et al., 
2016). We also hypothesize that consumer diets shift through time due 
to seasonal variability in local primary production and detrital inputs 
due to river discharge. During high river discharge periods, riverine and 
terrestrial OM inputs to the estuary can increase, augmenting terrestrial- 
derived OM utilization by aquatic consumers (Hoffman et al., 2008). 
During low river discharge periods, the residence time is elongated, 
allowing estuarine phytoplankton biomass to accumulate, thus 
increasing the availability of this high-quality food source to estuarine 
consumers (Hoffman and Bronk, 2006; Dias et al., 2016). In this study, 
we used stable isotopes to examine the benthic food webs in five stations 
located along the salinity gradient of an estuary of the NW- Iberian 
Peninsula, over three seasons with variable river discharge conditions to 
identify the OM sources assimilated by benthic and zooplankton 

organisms according to their availability. Additionally, we determined 
the food chain length in the estuarine benthic food web based on the 
spatial and temporal variability of N stable isotope ratios of the most 
abundant epibenthic consumers. 

2. Methods 

2.1. Study area 

This study was conducted in the shallow Minho River, located in the 
NW- Iberian Peninsula (Europe; Fig. 1). Its watershed is 17,080 km2, of 
which 95% is located in Spain and 5% in Portugal. The river is 343 km 
long; 76 km serves as the northwestern Portuguese-Spanish border 
(Antunes et al., 2011). The annual average river discharge is 300 m3 s− 1 

(Ferreira et al., 2003); it can vary between 100 m3 s− 1 during summer, 
and over 600 m3 s− 1 during winter (Confederación Hidrográfica del 
Miño-Sil, 2018 in Dias et al., 2019b; Fig. 2). The limit of tidal influence is 
about 40 km inland, and the uppermost 30 km are tidal freshwater 
wetlands (TFW; Vilas and Somoza, 1984). The estuary has an area of 23 
km2, 9% of which are intertidal areas. The estuary is mesotidal, with 
tides ranging between 0.7 m and 3.7 m (Alves, 1996). 

Typically, the estuary has low chlorophyll a (Chl a) concentrations: 
from 1.3 μg L− 1 in low salinity areas to 2.1 μg L− 1 in brackish areas 
(average values from 2000 to 2010; Brito et al., 2012). The abundance 
and distribution of subtidal macrozoobenthos and epibenthos in the 
Minho River estuary are influenced by salinity (Sousa et al., 2008; Costa- 
Dias et al., 2010), and by the sediment granulometry and organic matter 
content in the case of macrozoobenthos (Sousa et al., 2008). At the river 
mouth, salinity varies between 25 in winter and 32 in summer during 
high tide, and it reaches 0 at low tide during periods of higher river 
discharge. The sediment is sandy and has low organic matter content, 
despite being often covered by debris from upriver. The dominant 
macrozoobenthos are the polychaete Hediste diversicolor and the 
amphipod Hautorius arenarius (Sousa et al., 2008). In the adjacent salt-
marsh, sediment granulometry is smaller, and the organic matter con-
tent is higher than at the river mouth. Here, the dominant species are 
H. diversicolor, the isopod Cyathura carinata, and the bivalve Scrobicu-
laria plana (Sousa et al., 2008). In the middle estuary, salinity fluctuates 
between 0 in winter and 20 during summer, and the dominant macro-
zoobenthos are the amphipods Corophium multisetosum and Gammarus 
chevreuxi, and the invasive bivalve Corbicula fluminea (Sousa et al., 
2008). The dominant epibenthic species present from the river mouth to 
the middle estuary are the crustaceans Crangon crangon and Carcinus 
maenas, and the teleost Pomatoschistus microps (Souza et al., 2013). In 
the tidal freshwater (TFW) area, the substrate is sandy and often covered 
by aquatic vegetation (e.g., Elodea canadensis, Egerea sp.), and 
C. fluminea represents >90% of the total benthic macrofauna biomass 
(Sousa et al., 2005, 2008). The epibenthic community in the TFW is 
dominated by the freshwater shrimp Atyaephyra desmaresti and by the 
epibenthic teleosts Cobitis paludica and Platichthys flesus (Costa-Dias 
et al., 2010). 

2.2. Field sampling 

Sampling was conducted during full-moon spring tides, from 
January to September 2011, and at five stations along the salinity 
gradient: 1- adjacent to the river mouth; 2- at the Coura river saltmarsh, 
located at ~4 km from the river mouth; 3–8 km upstream from the river 
mouth in the salinity transition zone; 4 and 5- located in the TFW area at 
15 km and 21 km, from the river mouth, respectively (Fig. 1). 

At each station, surface (50–100 cm below the surface) and bottom 
water samples (0.5 m off the bottom) were collected using a 2-L Ruttner 
bottle to determine the concentration of chlorophyll a (Chl a: μg L− 1), 
the isotopic composition of POM (including particulate organic carbon 
(POC) δ13C, particulate nitrogen (PN) δ15N, and molar C:N). Salinity was 
measured with a YSI model 6820 QS probe and reported using the 
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Practical Salinity Scale. The POM and Chl a water samples (POM: 1 L, 
Chl a: 0.5 L) were pre-filtered with a 150 μm sieve and filtered onto a 
pre-combusted (500 ◦C for 2 h) Whatman GF/F and Whatman GF/C 

filters, respectively, which were stored frozen (− 20 ◦C). 
Microphytobenthos (MPB) samples were collected by scraping arti-

ficial substrates deployed in the sediment at least once a month, which 

Fig. 1. Location of the sampling stations along the Minho River estuary.  

Fig. 2. Surface and bottom salinity values, and mean properties of the particulate organic matter [POM: including δ15N, δ13C, molar C:N, and chlorophyll a (Chl a) 
concentration (μg L− 1)] in 5 stations along the Minho River estuarine mixing gradient, between January and September 2011. 
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were left at each site during the entire study. Macroalgae were collected 
in stations 1 to 3, and vascular plants in stations 2, 4, and 5. 

Zooplankton samples were collected from surface waters using a 
plankton net (200 μm mesh) and immediately preserved in 70% ethanol. 
Macrozoobenthos were sampled using a Van Veen grab. Epibenthic or-
ganisms (i.e., C. crangon, C. maenas, Gasterosteus aculeatus, P. microps, 
P. flesus) were sampled in January, March, April, July–September 2011 
using a 1-m beam trawl (5 mm stretched mesh) towed at 2 km h− 1. 
Macrozoobenthos and epibenthos samples were stored frozen (− 20 ◦C). 

2.3. Laboratory analyses 

Filter samples used for Chl a analysis were submerged in 90% 
acetone to extract the pigments and then analyzed on a Spectronic 20 
Genesys spectrophotometer. Chlorophyll a concentration was calculated 
following Lorenzen (1967). 

Filters used for POM and MPB analyses were fumigated with 
concentrated HCl to remove inorganic carbonates, rinsed with deionized 
water, placed in a sterile Petri dish, and dried at 60 ◦C for 24 h; this 
procedure is expected to produce only slight changes, ca. 0.4‰, in δ15N 
values (Lorrain et al., 2003). Macroalgae and vascular plants were 
cleaned with deionized water to remove epiphytes, dried at 60 ◦C, and 
ground to a fine powder with a mixer mill for stable isotope analyses. 

All the consumers were sorted, identified, measured when appli-
cable, dried in an oven at 60 ◦C, and ground to a fine homogeneous 
powder. The macrozoobenthos samples consisted of whole individuals, 
except for bivalves, where we used the foot muscle for stable isotopes 
analyses, while for epibenthic crustaceans and fish, we used muscle 
tissue. 

Stable isotope ratios were measured using a Thermo Scientific Delta 
V Advantage IRMS via a Conflo IV interface (Marinnova, University of 
Porto). We report stable isotope ratios in δ notation, δX = (Rsample/ 
Rstandard − 1) x 103, where X is the C or N stable isotope, R is the ratio of 
heavy:light stable isotopes. The δ13C and δ15N are expressed in units per 
mill (‰) relative to Vienna Pee Dee Belemnite and air, respectively. The 
analytical error, the mean SD of replicate reference material, was ±0.1 
‰ for both δ13C and δ15N. The C:N values for sources and consumers 
were derived from the stable isotope analysis. 

2.4. Data analysis 

We used carbon (C) and nitrogen (N) stable isotope ratio bi-plots to 
identify the sources of OM to the estuarine benthic consumers and 
zooplankton. The C and N stable isotope ratios of POM, MPB, emerged 
aquatic vegetation (EAV), submerged aquatic vegetation (SAV), and 
terrestrial plants were measured in this study. The C and N stable isotope 
ratios for phytoplankton, sediment organic matter (SOM), and C4 salt-
marsh plants were compiled from previous studies conducted in this 
ecosystem (freshwater and estuarine phytoplankton, and SOM; Dias 
et al., 2014, 2016), and from the literature (marine phytoplankton and 
C4 saltmarsh plants: Fry and Sherr, 1984; Deegan and Garritt, 1997; 
Bode et al., 2007; McMahon et al., 2013). Standard deviation (±SD) will 
be used as a measure of data dispersion when reporting mean values. 

To quantify OM source contributions to each station’s most 
frequently sampled benthic species, we used a dual-stable isotope mix-
ing model that uses Bayesian inference to solve indeterminate linear 
mixing equations (i.e., two stable isotope ratios and more than three diet 
sources). Indeterminate linear mixing equations produce a probability 
distribution representing a given source’s likelihood to contribute to the 
consumer (Parnell et al., 2010). We used the model Stable Isotope 
Analysis in R (SIAR), which allows each of the sources and the trophic 
enrichment factor (TEF; or trophic fractionation) to be assigned a 
normal distribution (Parnell et al., 2010). SIAR produces the distribution 
of feasible solutions to the mixing problem and estimates credibility 
intervals (95% CI in this study), which are analogous to the confidence 
intervals used in frequentist statistics. SIAR also includes a residual error 

term. In the SIAR mixing model, we adjusted the δ13C and δ15N values 
for one or two trophic levels using the TEF estimates from Vander 
Zanden and Rasmussen (2001): − 0.41‰ or + 0.5‰ δ13C (− 0.41‰ for 
primary consumers and + 0.5‰ for secondary consumers), and + 2.5‰ 
or + 5.9‰ δ15N (+2.5‰ for primary consumers and + 3.4‰ for sec-
ondary consumers). For modeling purposes, months were grouped ac-
cording to season (Winter: January–March; Spring: April–June; 
Summer: July–September), and stations 4 and 5 were grouped as TFW 
due to low and stable salinity values throughout the year. In the Minho 
River, typically, river discharge is relatively high during winter, 
decreasing during spring (intermediate conditions), and reaching the 
lowest values during summer (Dias et al., 2016). We anticipate that the 
river discharge effect on marine intrusion would cause consumers from 
the low-salinity portion of the estuary to undergo an isotopic composi-
tion shift from relatively 13C- and 15N-depleted (high discharge, strong 
freshwater influence) to 13C- and 15N-enriched (low discharge, strong 
marine influence). 

To establish general comparisons between the stable isotopes and 
mixing model results among trophic guild groups, consumers were 
grouped as follow: filter-feeding (FF; zooplankton and bivalves; Kleppel, 
1993; Verdelhos et al., 2005; Atkinson et al., 2011), deposit feeders (DF; 
gastropods, insect larvae, amphipods, isopods, Atyaephyra desmarestii; 
Gerdol and Hughes, 1994; Bode et al., 2006; Lucero et al., 2006; Pestana 
et al., 2007), epibenthic omnivores (EO; Carcinus maenas, Crangon 
crangon; Pihl, 1985), and zoobenthivores (EZB; Gasterosteus aculeatus, 
Pomatoschistus microps, Platichthys flesus, Solea solea; Pihl, 1985; Jackson 
et al., 2004). 

The trophic position (TP) was calculated following Post (2002a): TP 
= λ + (δ15Nconsumer − δ15Nbaseline)/3.4, where λ represents the trophic 
level of the baseline organism, δ15Nconsumer is the stable isotope value of 
the consumer, δ15Nbaseline is the stable isotope value of the baseline or-
ganism, 3.4 indicates the trophic fractionation of δ15N per trophic level 
for secondary and tertiary consumers (Vander Zanden and Rasmussen, 
2001). In this study, copepods were chosen as the baseline organisms 
because they can assimilate phytoplankton (in the water column and 
MPB) and OM from the detrital food web (this study); λ was attributed as 
trophic level 2. To test for differences in TP values a non-parametric 
factorial ANOVA was used with two factors: season (three levels), sta-
tion (four levels), and its interaction. For that, we used the function art. 
con available in the package ARTool (Kay et al., 2021). The effect of size 
in TP according to species was assessed with the Spearman correlation. 

Consumer δ13C values were corrected for lipid content because lipids 
are depleted in 13C compared to protein and carbohydrates (DeNiro and 
Epstein, 1977). Variability in lipid content can bias bulk tissue δ13C 
values and thereby cause dietary or habitat shifts to be incorrectly 
interpreted. We corrected zooplankton tissue data using the mass bal-
ance correction model proposed for zooplankton by Smyntek et al. 
(2007; Eq. 5). For benthic and epibenthic consumers, we used the mass 
balance correction for fish muscle tissue proposed by Hoffman and 
Sutton (2010; Eq. 6), which uses estimates of C:Nprotein and Δδ13Clipid 
that are similar to those from the muscle tissue found for other fish (e.g., 
Sweeting et al., 2006) and taxonomic groups (e.g., shrimp and 
zooplankton; Fry et al., 2003; Smyntek et al., 2007). Zooplankton stable 
isotope ratios were also corrected for ethanol preservation (+0.4‰ δ13C, 
+0.6‰ δ15N) (Feuchtmayer and Grey, 2003). 

All the analyses were performed using the software R, version 4.0.2 
(R Core Team, 2020). 

3. Results 

3.1. Stable isotopic composition of estuarine food web components 

The isotopic composition of primary producers collected during this 
study varied markedly along the salinity gradient in the Minho River 
estuary (Table 1 and Fig. 2). Stations (S) 1 and 2 were marine to 
brackish, with salinity varying between 23.1 ± 11.3 (S1) and 20.5 ±
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12.4 (S2), S3 represents a brackish water environment (5.4 ± 8.2), 
owing to daily marine water intrusion and its central position in the 
estuary, and S4 and S5 are freshwater stations since salinity was always 
lower than 0.5 (Fig. 2). The average δ13C values of POM and MPB 
collected along the entire gradient increased towards the river mouth, 
while the average δ15N values followed the opposite pattern (Table 1 
and Fig. 2). Average δ15N values ranged from 3.1 ± 4.9‰ (terrestrial 
plants in TFW) to 11.0 ± 2.7‰ (SAV- submerged aquatic vegetation, in 

TFW), and average δ13C values ranged from − 28.7 ± 0.3‰ (EAV- 
emergent aquatic vegetation, TFW) to − 15.9 ± 2.3‰ (macroalgae in S1) 
(Table 1). 

The quality of the POM pool, as indicated by C:NPOM, was similar 
between stations and varied between 8.6 ± 2.2 (S3) and 9.8 ± 1.7 (S4), 
with the highest values observed during high river discharge conditions 
and across the estuary (Fig. 2). The C:NPOM ≥ 10 in TFW indicates that 
terrestrial-derived OM contributed substantially to the POM pool in this 

Table 1 
Average (± SD) δ15N and δ13C values (‰) of the organic matter (OM) sources collected along the salinity gradient of the Minho River estuary, between January and 
September 2011. The OM sources include Macroalgae, particulate OM (POM), microphytobenthos (MPB), emergent aquatic vegetation (EAV), submerged aquatic 
vegetation (SAV), and Terrestrial plants.   

Station 1 Station 2 Station 3 Stations TFW 

Sources δ15N (SD) δ13C (SD) δ15N (SD) δ13C (SD) δ15N (SD) δ13C (SD) δ15N (SD) δ13C (SD) 

Macroalgae 8.5 (0.5) − 13.9 (0.0) 7.7 (2.0) − 17.0 (0.8) 9.3 (1.2) -12.6 (1.8)  
POM 5.0 (3.0) − 22.9 (2.6) 5.4 (1.9) − 24.2 (2.0) 5.5 (1.9) − 25.9 (2.0) 6.4 (1.6) − 28.0 (1.0) 
MPB 4.7 (1.9) − 18.0 (1.5) 8.3 (0.9) − 18.6 (1.7) 7.4 (1.9) − 21.3 (3.9) 8.4 (1.7) − 26.4 (2.4) 
EAV    5.4 (1.6) − 28.7 (0.3) 
SAV    11.0 (2.7) − 21.3 (1.3) 
Terrestrial    3.1 (4.9) − 28.2 (1.3)  

Table 2 
Carbon and nitrogen stable isotope values (‰, average ± SD), trophic guilds (FF: filter feeders, DF: deposit feeders, EO: epibenthic omnivores, EZB: epibenthic 
zoobenthivores), and number of replicates (n) of the most abundant benthic and epibenthic consumers in stations (S) 1, 2, 3, and tidal freshwater (TFW) during the 
winter, spring, and summer of 2011 in the Minho River estuary. *pooled samples.    

Winter  Spring  Summer  

Consumers TG δ13C (SD) δ15N (SD) n δ13C (SD) δ15N (SD) n δ13C (SD) δ15N (SD) n            

S1           
Zooplankton* FF − 18.7 (0.30) 8.1 (0.25) 4 − 19.0 (0.22) 8.2 (0.32) 6 − 16.9 (0.44) 6.9 (0.49) 12 
Scrobicularia plana FF – – – − 19.6 (0.10) 6.4 (0.10) 3 − 16.7 (0.60) 9.1 (1.40) 12 
Hediste diversicolor* DF − 20.3 (0.30) 9.5 (0.20) 6 − 20.5 (1.17) 9.4 (0.33) 4 − 19.6 (0.45) 9.3 (0.57) 9 
Cyathura carinata* DF − 15.8 (0.48) 11.2 (0.62) 4 – – – − 14.8 (1.21) 10.5 (1.25) 3 
Crangon crangon EO − 18.1 (2.0) 11.9 (1.39) 3 − 17.5 (0.80) 10.8 (0.69) 10 − 15.9 (0.77) 12.3 (0.43) 11 
Carcinus maenas EO − 19.2 (2.23) 12.7 (1.10) 8 − 18.2 (1.00) 12.9 (0.31) 6 − 18.5 (0.10) 10.6 (0.10) 3 
Pomatoschistus microps EZB – – – − 19.0 (0.51) 13.3 (0.69) 7 − 19.0 (1.37) 12.8 (1.24) 18 
Platichthys flesus EZB – – – − 20.7 (2.74) 13.4 (0.26) 3 − 20.5 (1.60) 11.9 (0.64) 3 
Solea solea EZB – – – − 19.0 (1.07) 11.0 (0.39) 11 − 18.5 (0.68) 11.7 (0.11) 3            

S2           
Zooplankton* FF − 18.6 (0.26) 8.3 (0.21) 6 − 18.5 (0.40) 7.1 (0.10) 3 − 16.7 (0.98) 7.0 (0.57) 12 
Hediste diversicolor * DF − 20.2 (0.40) 10.7 (0.54) 4 − 21.3 (1.00) 11.6 (0.71) 4 − 18.0 (0.81) 10.4 (0.55) 6 
Cyathura carinata* DF − 15.0 (0.61) 12.0 (0.54) 6 − 15.6 (0.50) 12.7 (0.30) 4 − 13.9 (0.68) 11.7 (0.23) 8 
Crangon crangon EO − 17.8 (0.87) 13.2 (0.54) 23 − 17.7 (0.99) 12.3 (0.99) 7 − 15.7 (0.59) 12.3 (0.43) 33 
Carcinus maenas EO − 19.2 (1.04) 13.2 (0.93) 13 − 19.5 (1.50) 13.1 (0.54) 7 − 19.5 (0.98) 13.5 (0.80) 17 
Pomatoschistus microps EZB − 18.0 (0.93) 15.1 (0.51) 22 − 19.2 (1.45) 14.4 (0.75) 5 − 17.6 (0.89) 14.4 (0.45) 16 
Platichthys flesus EZB – – – − 20.7 (0.10) 14.4 (0.10) 2 − 19.6 (1.72) 13.6 (0.34) 8 
Solea solea EZB – – – − 19.1 (0.10) 10.8 (0.10) 2 − 18.5 (1.49) 11.8 (0.05) 2            

S3           
Zooplankton* FF − 32.0 6.5 1 − 26.2 (0.10) 8.8 (0.10) 3 − 19.1 (2.64) 8.0 (1.14) 10 
Corbicula fluminea FF − 25.3 (0.63) 10.0 (1.08) 35 − 26.5 (0.60) 10.5 (0.89) 7 − 26.8 (1.57) 11.4 (0.43) 16 
Corophium sp.* DF − 26.4 (1.92) 7.7 (1.74) 7 − 23.1 (1.18) 9.4 (0.55) 7 − 18.3 (1.51) 9.0 (0.23) 4 
Hediste diversicolor * DF − 28.8 (1.75) 10.0 (0.56) 4 − 20.1 10.3 1 − 17.8 (1.80) 11.4 (0.79) 6 
Cyathura carinata* DF − 20.8 (0.37) 11.7 (0.75) 6 − 20.6 (1.80) 12.0 (0.24) 3 − 18.6 (0.29) 12.2 (0.24) 6 
Crangon crangon EO − 17.6 (0.91) 13.5 (0.34) 4 − 19.9 (1.84) 12.4 (0.44) 8 − 19.1 (1.73) 12.4 (1.10) 27 
Carcinus maenas EO – – – − 17.7 (0.10) 13.1 (0.10) 2 − 19.8 (0.57) 13.7 (0.79) 4 
Pomatoschistus microps EZB − 22.5 (0.89) 14.8 (0.26) 10 − 21.3 (1.35) 14.0 (0.27) 6 − 21.5 (1.33) 14.4 (0.85) 23 
Platichthys flesus EZB − 23.7 (1.56) 12.8 (0.91) 22 − 23.9 (1.64) 13.7 (1.07) 5 − 21.8 (0.67) 12.6 (0.65) 4            

TFW           
Zooplankton* FF − 31.5 (2.21) 11.3 (0.84) 3 − 26.9 (3.0) 10.7 (1.18) 3 − 27.9 (1.96) 11.4 (0.93) 15 
Corbicula fluminea FF − 26.7 (0.75) 8.3 (0.95) 32 − 27.7 (0.98) 8.5 (0.28) 17 − 27.4 (1.11) 9.0 (0.67) 20 
Corophium sp.* DF − 25.2 (0.09) 9.5 (0.08) 3 – – – − 26.3 (0.27) 10.3 (0.26) 7 
Diptera larvae* DF − 24.7 (2.81) 10.6 (3.34) 4 − 25.9 (1.02) 10.3 (0.91) 3 − 20.0 (0.58) 11.8 (0.40) 3 
Oligochaeta* DF − 25.0 (0.43) 7.6 (0.45) 6 − 24.4 (0.04) 8.0 (0.51) 2 − 25.6 (1.08) 8.8 (0.34) 3 
Gastropoda* DF − 29.2 12.2 1 − 23.8 (0.15) 10.9 (0.33) 3 − 22.7 (1.45) 10.7 (0.61) 5 
Atyaephyra desmarestii DF − 25.2 (1.32) 11.2 (0.67) 36 − 24.9 (0.75) 11.1 (0.33) 10 − 24.8 (2.03) 11.2 (1.11) 35 
Platichthys flesus EZB − 24.6 (0.50) 11.9 (0.24) 11 − 25.6 (0.10) 11.4 (0.10) 2 − 24.5 (1.64) 13.1 (1.16) 40 
Gasterosteus aculeatus EZB – – – − 24.5 (0.33) 14.9 (0.34) 3 − 21.2 (0.52) 14.7 (0.56) 12             
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estuary portion (Hedges et al., 1986, 1997). In the brackish portion of 
the estuary (S1-S3), average C:NPOM varied between 8 and 9 (Fig. 2), 
intermediate between terrestrial-derived OM (>10) and marine phyto-
plankton (~7) (Hedges et al., 1986, 1997), indicating that brackish POM 
was a mixture of riverine POM and marine or estuarine phytoplankton 
(or both). 

Overall, consumers were 13C-enriched and 15N-depleted towards the 
river mouth (Table 2). Among trophic guilds, filter-feeding (FF) con-
sumers’ average δ13C values varied between − 32.0‰ in S3 and TFW 
(zooplankton) and − 16.7 ± 0.60‰ in S1 (Scrobicularia plana), while 
average deposit feeders (DF) δ13C values varied between − 29.2‰ in 
TFW (gastropods) and − 13.9 ± 0.68‰ in S2 (Cyathura carinata) 

Fig. 3. Average (±SD) δ15N and δ13C values (‰) of pelagic, benthic, and epibenthic consumers in the brackish (S1-S3) and freshwater (TFW) areas of the Minho 
River estuary during winter (high river discharge), spring (intermediate river discharge), and summer 2011 (low river discharge). The consumers shown are 
zooplankton (Zoo), Scrobicularia plana (Scr), Hediste diversicolor (Hed), Cyathura carinata (Cya), Corophium sp. (Cor), Corbicula fluminea (Cfl), Insect larvae (Ins), 
Oligochaeta (Oli), Gastropoda (Gas), Crangon crangon (Cra), Carcinus maenas (Car), Atyaephyra desmaresti (Ate), Pomatoschistus microps (Pom), Platichthys flesus (Pla), 
Solea solea (Sol), and Gasterosteus aculeatus (Gac). Boxes represent the average and SD for the organic matter sources collected during this study, and also the es-
timates for C4 saltmarsh plants and phytoplankton (see text for references): marine (MP), estuarine (EP), and freshwater (FP) phytoplankton, particulate organic 
matter (POM), macroalgae (MA), sediment organic matter (SOM), microphytobenthos (MPB), C4 plants (C4P) and other emergent aquatic vegetation (EAV), sub-
merged aquatic vegetation (SAV), and terrestrial plants (TER). 
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(Table 2). Epibenthic omnivores (EO) average δ13C values varied be-
tween − 19.9 ± 1.84‰ (C. crangon in S3) and − 15.7 ± 0.59‰ 
(C. crangon in S2), while zoobenthivores (EZB) average δ13C values 
varied between- 25.6 ± 0.10‰ (P. flesus in TFW) and − 17.6 ± 0.89‰ 
(P. microps in S2) (Table 2). 

Average FF δ15N values varied between 6.4 ± 0.10‰ in S1 (S. plana) 
and 11.4 ± 0.93‰ (zooplankton) in TFW, and average DF δ15N values 
varied between 7.7 ± 1.74‰ in S3 (Corophium sp.) and 12.7 ± 0.30‰ in 
S2 (C. carinata) (Table 2). Average EO δ15N values varied between 10.6 
± 0.10‰ in S1 (C. maenas) and 13.7 ± 0.79‰ in S3, while EZB average 
δ15N values varied between 10.8 ± 0.10‰ (S. solea in S2) and 14.9 ±
0.34‰ (G. aculeatus in TFW) (Table 2). 

Overall, the δ13C values of the main functional feeding groups 
increased during the summer, and thus during low river discharge 
conditions (Table 2, Fig. 3). The highest FF and DF δ13C values were 
observed during summer (Fig. 2), with some exceptions (e.g., C. fluminea 
and oligochaetes in TFW; Fig. 3). Also, EO and EZB consumers’ δ13C 
values increased during the summer, although C. crangon (in S3) and 
C. maenas (in S2 and S3) showed the opposite trend (Table 2, Fig. 3). 
There was no clear temporal pattern in the δ15N values of benthic and 
epibenthic consumers (Table 2, Fig. 3). 

3.2. Food web characterization 

In S1 and S2, FF and DF consumers relied on a mixture of marine and 

brackish phytoplankton, macroalgae detritus, and benthic OM (MPB and 
SOM) (Fig. 2). Based on the stable isotope ratio bi-plot analysis, 
zooplankton, polychaetes, and C. carinata consumed a mix of phyto-
plankton, MPB, macroalgae, and plant detritus (Fig. 3). However, the 
high δ15N and δ13C values of C. carinata (S1 and S2) and polychaetes 
(S2) suggest either carnivory or increasing proportional contribution of 
15N-enriched material due to microbial processing (Fig. 3; Goedkoop 
et al., 2006). In S3, the high δ13C values of some consumers (Corophium 
sp., polychaetes, C. carinata), particularly during summer, suggest the 
contribution of marine POM to the central portion of the estuary (Fig. 3). 
The FF and DF likely consumed POM and phytoplankton (marine, 
estuarine, or freshwater) because their δ13C values are intermediate 
between POM and phytoplankton (Fig. 3). In the TFW area, benthic 
consumers had similar δ13C and δ15N values during winter and spring; 
the isotopic composition indicated they were feeding on a mixture of 
sources, including POM, MPB, and detritus (Fig. 3). Phytoplankton was 
not a relevant contributor to benthic consumers’ biomass because they 
were too 13C-enriched to rely on freshwater phytoplankton (> 5‰) and 
too 13C- depleted to rely on estuarine phytoplankton (ca. 5‰; Fig. 3). 
Based on their stable isotope ratios, they were likely feeding on a 
mixture of plant detritus and OM in the sediment (i.e., SOM and MPB) 
throughout the study (Fig. 3). 

Based on the dual-stable isotope mixing model, most benthic con-
sumers collected during this study relied on phytoplankton, vascular 
plant detritus, and MPB (Fig. 4; model contribution estimates and 

Fig. 4. Average mode values of the relative contri-
bution (%) of each organic matter source to the de-
posit feeders (DF) and filter feeders (FF) collected 
along the salinity gradient of the Minho River estuary 
during winter, spring, and summer of 2011, based on 
the dual-stable isotope mixing model. Organic matter 
(OM) sources include: marine (MP), estuarine (EP), 
and freshwater phytoplankton (FP), particulate OM 
(POM), macroalgae (MA), microphytobenthos (MPB), 
sediment OM (SOM), emergent (EAV, including C4 
plants) and submerged aquatic vegetation (SAV). The 
OM sources selected for each taxon are present in 
Table A.1.   
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associated errors are provided in Table A.1). However, their respective 
proportional contributions varied both spatially and temporally. Phy-
toplankton’s proportional contribution was higher in the stations closer 
to the river mouth and was more relevant for filter feeders and poly-
chaetes (Table A.1). The relative contribution of marine phytoplankton 
to the consumers analyzed was, in general, higher than that of estuarine 
or freshwater and during spring (Fig. 4). The contribution of estuarine 
phytoplankton was higher during winter than in the other seasons, while 
the contribution of freshwater phytoplankton increased during summer 
(Fig. 4). Benthic consumers and zooplankton from the saltmarsh (S2) 
and TFW relied mainly on the detrital food web, regardless of season, 
either through the direct consumption of vascular detritus and 
terrestrial-derived POM or indirectly through microbially-processed 
OM, or both (Fig. 4, Table A.1). MPB contributed to the biomass of all 
consumers collected across the estuary, but especially to those in S1 and 
S3 (Fig. 4). The number of sources assimilated by these consumers 
increased upriver (Fig. 4). 

Allochthonous subsidies (i.e., OM originated in adjacent habitats or 
ecosystems: marine and freshwater phytoplankton, macroalgae, 
terrestrial-derived POM) are relevant to the Minho estuary benthic food 
web, and its importance increased upriver during winter and spring, 
following the opposite pattern during summer (Fig. 5). The highest 
contribution of allochthonous subsidies was observed in S1 during 
spring (78.3%) and in S2 during summer (80.3%; Fig. 5). The contri-
bution of autochthonous sources (including SOM) increased upriver 
during summer and was higher in the middle estuary (S3) than in the 
lower estuary (S1 and S2) during spring. (Fig. 5). The highest values 
were observed in S3 during spring (63.5%) and in TFW during summer 
(61.1%; Fig. 5). 

The length of the benthic food web in the Minho estuary (given by 
the trophic position (TP) of the epibenthic consumers) consisted of four 
trophic levels, with the TP values varying between 2.0 (P. flesus in TFW 
during summer) and 4.6 (P. microps in S3 during winter). The lowest 
average TP values were observed in TFW and the highest in S2 (Fig. 6; 
ART: F(2,405) = 10.0, p < 0.05). Overall, TP median values were higher 
during spring and summer than during winter (Fig. 6; ART: F(3,405) =

60.0, p < 0.05). No significant relationship was found between TP and 
the size for each species (Fig. A.1; sizes were not available for the species 
G. aculeatus and S. solea), but the highest TP values were associated to 
low Chl a concentrations (Figs. 2 and 6). 

4. Discussion 

Two trophic pathways were recognized in the Minho estuary food 
web. The first was a pathway supported by phytoplankton and 
composed of filter feeders such as zooplankton and deposit feeders, 
especially amphipods and polychaetes. The second pathway was sup-
ported by detritus and composed of deposit feeders such as insect larvae, 
oligochaetes, gastropods, and small shrimps. A detritus-based, microbial 
food web likely mediates part of this energy transfer to estuarine con-
sumers. Which of the two pathways were dominant varied by location 
along the estuary and season. The contribution of phytoplankton to the 
benthic food web was highest in the brackish estuary and increased 
during the spring and summer. In contrast, the contribution of detritus 
to estuarine consumers was highest in tidal freshwater (TFW) areas and 
in the saltmarsh, especially during spring. There was no clear relation-
ship between the epibenthic consumers’ trophic position (TP) and the 
main trophic pathways, but TP decreased with increasing Chl a con-
centration. The observed changes along the estuarine salinity gradient 
and possible mechanisms responsible for the cross-ecosystems food web 
linkages are discussed below. 

4.1. Spatial heterogeneity of the estuarine food web 

Terrestrial plants presented typical δ13C values of ca. -28‰ because 
they uptake carbon from the atmosphere (Peterson and Fry, 1987). 
Contrarily, aquatic primary producers, which uptake DIC from solution, 
display variable δ13C values corresponding to variability in δ13CDIC, 
which usually increases as salinity increases (Chanton and Lewis, 2002; 
Fry, 2002; Dias et al., 2016). Thus, the aquatic primary producers which 
obtain inorganic carbon from solution will often have a δ13C value 
corresponding to the portion of the estuary where they were collected. 
Regions of intense production (13C-enriched) or respiration (13C- 
depleted), such as the estuarine turbidity maximum, may demonstrate a 
shift in δ13CDIC values (±1.5 ‰; Su et al., 2019), potentially shifting the 
isotopic composition of primary products towards other sources. How-
ever, given the large δ13C value range among sources and lack of known 
strong production gradients within the Minho estuary, we do not have 
reason to believe δ13CDIC values are substantially confounding inter-
pretation of sources in this study. 

Consumers relying on benthic or detrital C, such as isopods and in-
sect larvae, were generally more 15N- and 13C- enriched than those that 
relied mainly on OM sources in the phytoplankton pathway, such as 
zooplankton or amphipods. Plausibly, this is due to the incorporation of 

Fig. 5. Average mode values of the relative contribution (%) of organic matter source, according to origin (allochthonous or autochthonous), to the filter feeders and 
deposit feeders collected along the salinity gradient of the Minho River estuary during winter, spring, and summer of 2011. 
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benthic algae, which have higher δ13C values than phytoplankton, 
which has been attributed to the existence of a diffusive boundary layer 
at the sediment-water interface that reduces carbon isotopic fraction-
ation (France, 1995). Alternatively, detrital carbon is subject to micro-
bial degradation, which enriches the OM in 13C and 15N (Goedkoop 
et al., 2006). Both processes are likely operating in the estuary. 

In TFW, terrestrial-derived OM also contributed to filter feeders (FF) 
and deposit feeders (DF), especially during winter and spring. This is 
likely the result of a physical export of OM (detritus and POM) from 
upland or upriver to the estuarine habitats. Their δ13C values mirrored 
the patterns in the δ13C POM values, which were 13C- depleted towards 
the freshwater environments due to an increase in the contribution of 
13C- depleted terrestrial and riverine material, as indicated by the iso-
topic composition and C:N value of riverine POM. In the brackish es-
tuary, marine phytoplankton (or MPOM) was an important energy 
source to FF and DF owing to marine intrusion. 

Between-habitat differences in the stable isotope ratios of primary 
consumers was overall reflected in the isotopic ratios of epibenthic 
consumers, which were also 13C-enriched towards the river mouth. 

4.2. Temporal variability in the estuarine food web 

Temporal variation was observed in the POM pool. The δ13CPOC 
values increased towards summer in the brackish portion of the estuary, 
while the opposite pattern was observed in stations located in the TFW. 
During winter, when the river discharge is high (400–600 m3.s− 1; Fig. 2 
in Dias et al., 2016), the δ13CPOC values (δ13C: − 28‰ to − 24‰) and C: 
NPOM ratio (> 10) suggest a substantial contribution of terrestrial- 
derived OM to the POM pool, advected from upland or riparian habi-
tats, or both (Hedges et al., 1997; Hoffman et al., 2008). The low Chl a 
concentrations (0.8 ± 0.8 μg L− 1) during this period also suggest that the 
contribution of phytoplankton to the POM pool decreased owing to the 
suppression of primary production as a consequence of increased 
turbidity and rapid flushing rates (Sin et al., 1999; Hoffman and Bronk, 
2006). During summer, river discharge declined (< 200 m3s− 1; Fig. 2 in 
Dias et al., 2016), which decreases terrestrial inputs to the estuary and 
increases the residence time. This promotes the accumulation of living 
and detrital phytoplankton in freshwater and areas under strong marine 
influence (Hoffman and Bronk, 2006; Dias et al., 2016). Our results 
suggest that during summer, especially in August 2011, there was an 
increase in the contribution of phytoplankton to the POM pool. The 
concentration of Chl a increased during summer, peaking in August 
2011 in the TFW stations (concentrations up to 8 times higher than in 

the other months) and in the middle estuary (up to 6 times), suggesting 
the occurrence of a phytoplankton bloom during this month (Dias et al., 
2016). Moreover, the δ13CPOC values in the TFW (δ13CPOC: − 30‰) were 
similar to those estimated for freshwater phytoplankton in this estuary 
(δ13C: − 31‰; Dias et al., 2016) and the C:NPOM was lower than 10, 
indicating a decrease in the contribution of terrestrial-derived OM to the 
POM pool. 

The temporal variability of the POM pool was reflected in the stable 
isotope ratios of FF and some DF (e.g., amphipods, polychaetes), indi-
cating that during high river discharge conditions, the estuarine benthic 
food web incorporated terrestrial-derived OM, as observed elsewhere 
(Antonio et al., 2012). Moreover, benthos consumption of terrestrial- 
derived OM may have a significant impact on the use of decomposed 
terrestrial-derived OM because bacterial colonization and growth can 
improve the quality of POM, even for terrestrial-derived detritus 
(Edwards and Meyer, 1987), potentially enhancing terrestrial material 
transfer in aquatic food webs (Zeug and Winemiller, 2008; Dias et al., 
2014). 

Although isotopic baseline changes induced variability in the stable 
isotope ratios of some primary consumers, we found differences that 
were likely related to variability in feeding strategies. For example, 
during the summer in S3, Cyathura carinata and Hediste diversicolor had 
higher δ15N values (ca. 6‰) than average MPB δ15N values, which was 
the most 15N-enriched source sampled. The difference between the δ15N 
values of these consumers and MPB was almost two trophic levels 
(assuming typical fractionation of + 3.4‰ for δ15N and + 0.5‰ for δ13C; 
Vander Zanden and Rasmussen, 2001). We suggest three possible ex-
planations: 1) they were feeding on the microbially-mediated food web, 
2) the trophic fractionation values used were not appropriate, or 3) 
C. carinata and H. diversicolor were preying on primary consumers. 
Station 3 is located in the transition between marine and freshwaters 
(Dias et al., 2016). Although an estuarine turbidity maximum (ETM) has 
not been identified yet in this estuary, the ETM is a zone of elevated 
turbidity near the landward limit of salt intrusion (Geyer, 1993; Jay and 
Musiak, 1994; Sanford et al., 2001, 2005) where phytoplankton, bac-
teria, and detritus tend to accumulate (Herman and Heip, 1999), and 
where POM is extensively reprocessed by bacteria (Goosen et al., 1999). 
This can cause 15N- enrichment of the available POM pool. However, if 
that was the case, that 15N-enrichment would be reflected in other 
consumers such as C. fluminea. Recent studies suggest that the trophic 
fractionation of H. diversicolor may be higher than the average values 
commonly used in aquatic food web studies, + 1.6‰ for δ13C and +
5.0‰ for δ15N values (Kristensen et al., 2019). However, these values 

Fig. 6. Box plots depicting comparisons of food-chain lengths among stations and seasons in the Minho estuary. Median (solid line within box), quartiles (box) and 
range (whiskers) are presented for each factor. 
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were estimated using sediment organic matter as the baseline, and our 
study indicates that H. diversicolor rely on both phytoplankton and 
detritus. Thus, because trophic fractionation can vary according food 
quality (Vander Zanden and Rasmussen, 2001; Caut et al., 2009) and 
because previous studies indicate that H. diversicolor and C. carinata can 
prey on other animals (Wägele et al., 1981; Nordström et al., 2009), we 
consider that either explanation is possible. Nonetheless, both expla-
nations yield similar relative proportional contributions of the most 
likely OM sources. 

4.3. Food web modeling 

One critical assumption of food web reconstruction based on stable 
isotope ratios is that the OM source values measured are temporally 
aligned with the isotopic turnover period of the organisms sampled. In 
invertebrates, isotopic half-life (i.e., time required to reach 50% equil-
ibration with the diet) generally increases with animal body mass 
(Vander Zanden et al., 2015). Although isotopic turnover estimates for 
the species analyzed in this study are lacking, small invertebrates such as 
zooplankton (Hoffman et al., 2007), mussels (Dubois et al., 2007), and 
shrimps (Fry and Arnold, 1982) have isotopic half-life estimates of less 
than one month. That is, they integrate seasonal or even within-season 
isotopic variability of their diet. It also indicates that the stable 
isotope approach is responsive to seasonal environmental processes (e. 
g., watershed inputs). 

Another critical aspect was that this study used estimates obtained 
elsewhere for marine plytoplankton and C4 plants. The estimates for 
marine phytoplankton were obtained from coastal areas near the Minho 
River (Bode et al., 2007; McMahon et al., 2013). Although McMahon 
et al. (2013) lack a temporal component, they estimated that phyto-
plankton isotope values are similar between Galicia and the North of 
Portugal. Moreover, the δ13C values in the studies mentioned above are 
similar to estimates obtained previously for this study area (Dias et al., 
2014, 2016), suggesting that phytoplankton stable isotope values could 
be similar between close geographic areas. The values used for C4 plants 
include the typical ranges found in other estuarine ecosystems (e.g., Fry 
and Sherr, 1984; Deegan and Garritt, 1997; Cloern et al., 2002; Dias 
et al., 2019a). Similar estimates were obtained for C4 plants in the 
Minho estuary in a previous study: − 13.9 ± 0.5‰ for δ13C and 7.1 ± 0.4 
δ15N (Fig. 2, Dias et al., 2020). Because the estimates were obtained in 
2015 and the dispersion was low, we used a broader range of values to 
accommodate potential temporal differences in the stable isotope 
values. 

4.4. Food chain length 

The average food-chain length varied between 2.7 (TFW) and 3.6 
(S2), and within-station variation was the highest in S1 and S2. Also, the 
food chain length varied temporally, with higher median values 
observed during spring (S2 and TFW) and summer (S1 and S3) than in 
winter. It is important to note that similar epibenthic predators’ as-
semblages occurred in all stations, although the number of species 
analyzed was lower in the upper estuary (TFW) when compared to the 
low (S1-S2) and middle estuary (S3). Thus, longer food chains corre-
spond to more trophic transfers and not to adding more species to the 
top. Also, this study focused on the most abundant epibenthic predators 
in the Minho estuary, not including others such as the European eel, 
which prey on insects, crustaceans, and other fish (e.g., Costa et al., 
1992). Adding this species would likely increase the size of the benthic 
food chain; nonetheless, this species occurs throughout the estuary, and 
thus, its role as a predator is expected to be similar across the sampled 
area. 

It has been hypothesized that as the contribution of detritus in-
creases, the food chain length decreases, while the opposite trend is 
expected to occur in food webs fueled by phytoplankton (Hoeinghaus 
et al., 2008). However, the contribution of detritus to 

macroinvertebrates was higher in S2 and TFW than in the other stations, 
but the food chain length was the highest and the lowest, respectively, 
suggesting that energy quality probably does not influence the length of 
the benthic food web in the Minho estuary. Regarding food quantity, 
although there are no estimates for the primary productivity in this 
ecosystem, average Chl a concentrations were overall higher in TFW and 
during the summer. Elton (1927) predicted, and others concluded (e.g., 
Thompson and Townsend, 2005; Qin et al., 2021) that more productive 
ecosystems should have longer food chains. Here, food chains were 
shorter in habitats with high Chl a concentrations, and no clear temporal 
relationship was found between these two variables; food chain length 
was higher in spring or summer and varied according to the station. 
However, predator foraging adaptation (e.g., feeding behavioral plas-
ticity) can mask the effects of increasing resource variability on the food 
chain length; predators will tend to feed on lower trophic level prey with 
increasing resource availability resulting in shorter food chains (Kondoh 
and Ninomiya, 2009). This effect could partially explain our findings 
since all the epibenthic predators analyzed in this study are considered 
generalist predators (e.g., Pihl, 1985; Jackson et al., 2004), but further 
specific studies are necessary to test the relationship between resource 
availability and predators’ diet and trophic position in the Minho estu-
ary. Community complexity (e.g., species richness) can positively relate 
to food chain length (Kondoh and Ninomiya, 2009). To the best of our 
knowledge, only one study analyzed macroinvertebrates’ diversity 
across the Minho estuary salinity gradient (Sousa et al., 2008). Here, it 
was found that species richness is the lowest in the middle estuary 
increasing towards the lower and upper limits of the estuary (Sousa 
et al., 2008). Despite that the community evenness (J’) is lower in the 
upper estuary than in the other areas (Sousa et al., 2008) indicating that 
a few species dominate these communities. In the Minho estuary, these 
areas are dominated by the invasive gastropod Potamopyrgus anti-
podarum and especially by the invasive clam Corbicula fluminea (Sousa 
et al., 2008). In fact, this clam accounts for >90% of the total macro-
invertebrate biomass at the middle and upper estuary (Sousa et al., 
2005, 2008). Given its high filtering capacity (Strayer et al., 1999) and 
flexible feeding strategy (Dias et al., 2014), we hypothesize that this 
species may have induced a simplification of the food web structure 
upriver by shortening the food chain (Maceda-Veiga et al., 2018) and by 
decreasing trophic functional diversity (dominance of deposit feeders 
and detritivores). However, no information on the food web structure in 
the Minho River is available prior to the invasion of this clam, and thus, 
the role of invasive species in the food web structure deserves further 
attention. 

5. Conclusions 

This study provides evidence for spatial and temporal variability in 
the dominant trophic pathways in the Minho River estuarine benthic 
food web. The phytoplankton pathway was more relevant for filter- 
feeding animals and some deposit feeders, indicating that benthic- 
pelagic coupling processes play an essential role in the energy transfer 
to the benthic food web. The detrital pathway was more relevant for 
deposit-feeding organisms in the saltmarsh and freshwater areas, espe-
cially during the winter and spring, where the food chain length was the 
highest and the lowest, respectively. This indicates that energy quality 
probably does not influence the length of the benthic food web in the 
Minho estuary. The magnitude of river inflow and marine intrusion 
moving in the opposite direction drove the energy subsidy dynamics 
between the estuary and its adjacent ecosystems (i.e., land and sea), 
which was then mirrored in the OM sources assimilated by the con-
sumers analyzed. Thus, this study highlights the role of benthic con-
sumers in linking the estuarine food web with terrestrial and marine 
ecosystems. Because they can consume both pelagic and benthic OM 
sources, they also facilitate the connectivity between benthic and 
pelagic habitats. 
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Wägele, J.-W., Welsch, U., Müller, W., 1981. Fine structure and function of the digestive 
tract of Cyathura carinata (Kroyer) (Crustacea, Isopoda). Zoomorphology 98, 69–88. 

Weaver, D.M., Coghlan, S.M., Zydlewski, J., 2016. Sea lamprey carcasses exert local and 
variable effects in a nutrient-limited Atlantic coastal stream. Can. J. Fish. Aquat. Sci. 
73, 1616–1625. 

Yokoyama, H., Tamaki, A., Harada, K., Shimoda, K., Koyama, K., Ishihi, Y., 2005. 
Variability of diet-tissue isotopic fractionation in estuarine macrobenthos. Mar. Ecol. 
Prog. Ser. 296, 115–128. 

Zeug, S.C., Winemiller, K.O., 2008. Evidence supporting the importance of terrestrial 
carbon in a large-river food web. Ecology 89, 1733–1743. 

E. Dias et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0280
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0280
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0280
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0285
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0285
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0290
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0290
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0290
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0295
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0295
https://doi.org/10.5281/zenodo.594511
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0305
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0305
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0310
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0310
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0315
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0315
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0315
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0320
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0320
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0325
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0325
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0325
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0325
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0330
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0330
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0335
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0335
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0335
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0335
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0340
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0340
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0340
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0345
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0345
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0345
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0360
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0360
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0360
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0365
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0365
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0365
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0370
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0370
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0370
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0375
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0375
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0380
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0380
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0380
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0380
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0385
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0385
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0390
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0390
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0395
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0395
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0395
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0400
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0400
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0410
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0410
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0410
http://refhub.elsevier.com/S2352-2496(23)00011-3/optYZ1cYwDiVv
http://refhub.elsevier.com/S2352-2496(23)00011-3/optYZ1cYwDiVv
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0415
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0415
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0415
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0415
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0420
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0420
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0425
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0425
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0430
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0430
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0430
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0430
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0430
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0435
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0435
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0435
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0445
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0445
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0445
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0450
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0450
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0455
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0455
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0455
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0460
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0460
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0460
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0465
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0465
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0465
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0470
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0470
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0470
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0475
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0475
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0475
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0485
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0485
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0485
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0490
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0490
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0490
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0490
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0495
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0495
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0495
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0500
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0500
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0510
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0510
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0520
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0520
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0520
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0525
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0525
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0525
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0530
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0530
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0530
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0535
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0535
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0540
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0540
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0545
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0545
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0550
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0550
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0550
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0555
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0555
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0555
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0560
http://refhub.elsevier.com/S2352-2496(23)00011-3/rf0560

	The benthic food web connects the estuarine habitat mosaic to adjacent ecosystems
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Field sampling
	2.3 Laboratory analyses
	2.4 Data analysis

	3 Results
	3.1 Stable isotopic composition of estuarine food web components
	3.2 Food web characterization

	4 Discussion
	4.1 Spatial heterogeneity of the estuarine food web
	4.2 Temporal variability in the estuarine food web
	4.3 Food web modeling
	4.4 Food chain length

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


