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A B S T R A C T

A model-oriented research project can organize and systematize high quality sampling information and convert
observed values into information needed to parameterize ecological models. In this paper, we describe the value
parameterization process from an interdisciplinary project to the development of a food web model (using
Ecopath) in order to comprehend the Araçá Bay ecosystem structure (Brazil) and to forecast the impact of a port
expansion (São Sebastião Port) over a bay environment. Araçá Bay Ecopath model has 34 compartments,
Phytoplankton, Phytobenthos, Mangrove, Zooplankton, 10 groups of benthos, 13 fish groups, Shrimp, Crabs,
Turtles, two bird groups and two groups of Detritus. The model outputs showed that Araçá Bay is a mature and
detritus-based ecosystem. It is highly influenced by the role of benthos groups which are responsible for a huge
amount of detritus recycling due to their large biomass value. The simulation of port expansion (primary pro-
ducers' reduction), using the Ecosim module, indicated negative impacts on almost all living groups and an
increase in detritus accumulation, leading the entire bay ecosystem towards its collapse (in the short term). The
interdisciplinary organized sampling process presented here is an example of how objectively planned sample
design and modeling may guide scientists, local people and stakeholders' decisions with valuable integrated
information and overall predictions in order to consider the sustainable use of natural areas and resources.

1. Introduction

The high biological production and species richness in marine and
coastal environments have long provided several services to humans,
especially in regards to food supply (Lopes et al., 2016; Erlandson et al.,
2008). However, in recent decades, anthropogenic effects on marine
environments has increased local impacts (Aarts et al., 2016), enlarging
regional pressures on livestock (Piroddi et al., 2017) and strengthening
global changes in climate (Ahmed et al., 2017).

Globally, many coastal ecosystems are being irreversibly modified
and lost due to human interference. The complexity of these environ-
ments and their drivers (natural or human-induced) requires a broad
approach in order to understand first the normal dynamics and

relationships among organisms and second, to forecast the effects of
different impacts, such as ecological imbalance, loss of species and
ecosystems services (Donohue et al., 2017).

Under the scenario of human-induced changes, small marine areas
that shelter an array of environmentally-sensitive habitats are even
more vulnerable. A clear understanding of the ecological processes and
species interactions in multiple small marine habitats as well as their
role as a refuge and species source to adjacent areas is key to evaluating
the extent of impacts upon them (Bonaldo et al., 2017).

The Ecosystem Approach Management (EAF) assesses the ecological
processes, species interactions and the integration of sustainable use
with conservation in small marine ecosystems. Particularly, a key goal
of the EAF is to unveil the drivers and consequences of fishing and other

https://doi.org/10.1016/j.ocecoaman.2018.02.007
Received 28 July 2017; Received in revised form 13 November 2017; Accepted 12 February 2018

∗ Corresponding author.

1 Present address: Instituto Chico Mendes de Conservação da Biodiversidade (ICMBio), Brasília (DF- Brazil).
E-mail address: angelini@ct.ufrn.br (R. Angelini).

Ocean and Coastal Management xxx (xxxx) xxx–xxx

0964-5691/ © 2018 Elsevier Ltd. All rights reserved.

Please cite this article as: Angelini, R., Ocean and Coastal Management (2018), https://doi.org/10.1016/j.ocecoaman.2018.02.007

http://www.sciencedirect.com/science/journal/09645691
https://www.elsevier.com/locate/ocecoaman
https://doi.org/10.1016/j.ocecoaman.2018.02.007
https://doi.org/10.1016/j.ocecoaman.2018.02.007
mailto:angelini@ct.ufrn.br
https://doi.org/10.1016/j.ocecoaman.2018.02.007


land activities in coastal areas upon individual species and habitats
(Hutubessy et al., 2014).

Ecosystem models need define connections among organisms, with
different roles on food web, into a single mathematical structure en-
abling the comprehension of complex systems and their drivers
(Heymans et al., 2011). In this context, a fundamental phase of the
modeling process is to convert observed field data into model para-
meter values minimizing biases and misrepresentations of the actual
values (observed data).

One of the models to represent connections among organisms, i.e., a
food web is the “Ecopath with Ecosim” (Polovina, 1984; Christensen
and Pauly, 1992) that has substantially improved the capacity of sci-
entists to understand complex marine ecosystems. Currently, more than
400 ecosystem models using the EwE approach have been published
(Colléter et al., 2015) and there are more than 700 citations per year, on
average over the last decade (Coll et al., 2015).

This study aimed to explore and show how to convert sampling
records into input data for an Ecopath model for Araçá Bay, a small
marine coastal environment in an urban area. The model was per-
formed in order to integrate information about different organisms of a
food web within an ecosystem context to be used to as a robust tool to
predict the impact of the port expansion (São Sebastião Port, Brazil)
over Araçá Bay. To achieve this, we converted multi-disciplinary re-
search approach at into interdisciplinary model.

2. Material and methods

2.1. The study area: the Araçá Bay

Araçá Bay (23° 49′S, 45° 24′W) is a small and unique coastal eco-
system (345,000m2) located in the central area of São Sebastião
Channel, in the Southeast coastline of Brazil (Fig. 1). The bay reaches a
maximum depth of 30m in the main channel and the tides varies be-
tween 2.06m and −0.04m (Gubitoso et al., 2008). Adjacent to Araçá
Bay is the São Sebastião Port, which is expected to expand toward the
bay. The likely expansion (red lines in Fig. 1) would consist of concrete
slabs supported by several pillars. If approved, the planned construction
would advance approximately 20–42m a year toward the bay and last
for 10–20 years.

2.2. The Araçá Bay food web model

Araçá Bay model was developed using an Ecopath with Ecosim
approach (EwE, versions 6.4). Ecopath, which is the mass-balance
model of EwE, follows a mass-balance assumption allowing the de-
scription of a food web, its interactions and flows of energy and mass.

In the basic equation, the consumption by a predator (or group)
leads to the mortality of its prey due to predation (Christensen and
Pauly, 1992). This is mathematically described by:

Bi * PBi * EEi - ∑j (Bj * QBj * DCji) - EXi=0 (1)

Where: Bi is the biomass of group i; PBi is the production/biomass rate
of i, which is equal to the natural mortality M (Allen, 1971); EEi is the
ecotropic efficiency of i, which varies from 0 to 1 and represents the
fraction of the production of the group that is transferred to higher TLs
or exported from the system; Bj is the biomass of predator j; QBj is the
food consumption per unit of biomass for predator j; DCji is the fraction
of i in the diet of j; and EXi is the export of i and represents the biomass
that is caught through fishing and/or that migrates to other ecosystems.
Because the complexity of tidal dynamics, EXi was considered zero for
all model's groups. The biomasses were expressed as gWW * m−2

(grams of wet weight per square meter), and the flows in the food web
were expressed in gWW m−2 year−1.

For an ecosystem with n compartments, the model builds a system
of n linear equations. In the development of an Ecopath model, it is

necessary to include at least three of the four main input parameters (Bi,
PBi, QBi, and EEi). It is possible to estimate the missing parameter by
connecting the production of one group with the consumption by the
other groups. This is based on the assumption that the production of
one group is utilized by another group inside the system (Christensen
and Pauly, 1992). In the Araçá Bay model, EEi was the parameter that
was estimated by EwE, with a few exceptions (see below).

2.3. Dataset sampling

The Araçá Bay food web model has 34 compartments comprised by
32 groups of organisms (Phytoplankton, Phytobenthos, Mangrove,
Zooplankton, 10 groups of benthos, 13 fish groups, Shrimp, Crabs,
Turtles, and two bird groups) and two groups of Detritus. Groups are
defined by considering the data about abundance in sampling and in
the fish gut content analyses. Taxa were sampled by conventional
methods (Table SM1).

2.4. Parameterization

The conversion of sampling data into parameter values for the
Ecopath model required meticulousness and parsimony. The methods to
convert basic data in values for the input parameters vary according to
the biological groups chosen. Some of these methods are detailed
bellow.

2.4.1. Phytoplankton and phytobenthos
At the total, nine samples of Phytoplankton were collected in Araçá

Bay. They were divided in four fractions according to size: micro-
plankton, nanoplankton, ultraplankton and picoplankton (Giannini and
Cioti, 2016). The records were provided in milligrams of Carbon (mg C
* m−3) and Chl a concentration in milligrams (mg * m−3), both by
cubic meter (m−3).

To proceed with the conversion, we estimated the mean of all
samples (Table SM1) of each Phytoplankton size. Afterwards, mean
values were multiplied by two (2) to convert mg C into Dry Weight
milligrams (mg DW). The resulting value was then multiplied by five
(5) to convert mg DW to Wet Weight milligrams (mg WW) and divided
by 1000 to convert milligrams to grams (g WW) (APHA, 2012). At the
end, all values for each size fraction were summed because the Ecopath
model was built with one Phytoplankton compartment only.

Values in g WW*m−3 needed to be converted in g WW*m−2

(Ecopath model unit). In a step-by-step fashion, we first multiplied the
bay area (345,000m2) by its euphotic zone depth (1.5 m) to calculate
the entire amount of water in the bay (m3). Subsequently, by multi-
plying the aforementioned value (in m3) by the value in g WW * m−3,
we would have the total Phytoplankton biomass. Total biomass divided
by bay area (m2) provides the Phytoplankton value in a suitable unit for
the Ecopath model (g WW * m−2). Another practical and fast way to
convert g WW * m−3 to g WW*m−2 is to multiply the value in g
WW*m−3 by the depth of euphotic zone (in m).

For converting Chlorophyll-a concentration (mg * m−3) in gWW *
m−2 for the Araçá Bay model, we first converted Chl-a concentration in
Dry Weight, using the information that Chl-a corresponds to 1.5% of
dry weight (APHA, 2012). After that, we used the conversions showed
above.

Both results were similar. By using Chl a data the value found was
1.49 g WW * m−2 while using mg C * m−3 the value was 1.286 g WW
*m−2. Such slight differences is acceptable and provides useful varia-
tion for model balancing process. In the final model we used the first
value.

Production refers to the elaboration of tissue (whether it survives or
not) by a group along a given period (Christensen et al., 2008). For
Production/Biomass rate (g WW * m−2 * year−1), the estimation value
was used for primary production (PP) calculated in the unit mg C * m−3

* hour−1. We calculated the mean of all nine PP' estimates and
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multiplied it by 10 h (sunlight expected hours) resulting in mg C * m−3

* day−1. After, we converted mg C * m−3 to g WW * m−2 (using the
method explained above) and multiplied by 365 days, obtaining our
input value for the model: 347.18 g WW * m−2 * year−1. This value
suggests that the Phytoplankton standing crop almost produce its own
weight every day through the year.

Phytobenthos' biomass was also estimated using Chlorophyll-a
pigments (Amaral, 2014) but in this case the unit was mg Chl-a * m−2

because the samples were collected at the bottom of the bay (Table
SM1). Accordingly, using the same conversion mode for Phytoplankton
(see above) we found a mean value of 27.5 g WW * m−2 with a stan-
dard deviation of 20.04 g WW * m−2. Unfortunately, it was not possible
to estimate the PB rate for Phytobenthos, therefore the value = 121.6 g
WW * m−2 * year−1 was adopted with the consideration that Phyto-
benthos could reproduce its own weight one time in three days (365/3).

2.4.2. Mangrove and Mangrove's Detritus
In general, many fish and invertebrate species are dependent on

mangrove environments for spawning, growing and protection against
predation. The mangrove area in Araçá Bay is 3445.24m2 (0,7% of bay
area) with an estimate of trees biomass of 7000 g * m−2. For the
complete area, mangrove Biomass reaches 49 g *m−2 and Production/
Biomass is 0.173 g * m−2 * year−1, since local leaf production is around

1.73%. We allocated all detritus from Mangrove into a compartment
named Detritus Mangrove without the initial value of biomass.

2.4.3. Zooplankton
Zooplankton is very important in an aquatic food web, since it is the

first link between primary producers and main consumers such as fish
species. In Araçá Bay, 169 trawls, using a plankton-net, were done
during seven samplings periods (Table SM1) in seven sites. Individuals
collected were digitalized using ZooScan (Biotom model) in the Zoo-
Process software (Gorsky et al., 2010; https://imagej.nih.gov/ij/).
Identification was made using the free software, Plankton Identifier
(Gasparini and Antajan, 2013) and images were used to estimate an
individual's area (in mm2). Accordingly, these estimates were used to
calculate individual biomass, applying some empirical regressions
(Uye, 1982; Hernández-León and Montero, 2006; Lehette and
Hernández-Léon, 2009) for different zooplankton groups of the sample
(for example, Copepods (dominant group) such as Calanoida-Cyclo-
poida; Holoplânkton: Appendicularia; Meroplânkton: Decapoda).

For convenience, several identified zooplankton groups were
grouping into only one compartment in the Ecopath model to represent
zooplankton. We calculated the Zooplankton mean biomass, using all
estimates and the result was 24.99 mg C * m−3. Therefore, we applied
the same above-mentioned approach to convert units. The input

Fig. 1. Araçá Bay and São Sebastião Channel (São Paulo State, Brazil). The current port area borders the Bay and the port's expansion planned (red dashed line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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biomass to the Ecopath model for this group was 0.375 g WW * m−2

(standard deviation= 0.231).
There were no estimates available for production (PB) or for con-

sumption (QB) of zooplankton groups. Thus, for these rates we used the
values suggested by Rocha et al. (2007) who developed a preliminary
model for Araçá Bay (then, PB = 40 g WW * m−2 * year−1 and
QB = 160 g WW * m−2 * year−1). Diet composition for Zooplankton
was 25% of Phytoplankton; 10% of Zooplankton and 65% of Detritus
(Véga-Perez, 1993).

2.4.4. Benthos
Benthos samplings were taken during the low tide at 37 geo-refer-

enced sites performed in four periods (Table SM1). Samples were taken
using a corer of 10 cm inner diameter and 20 cm depth (Corte et al.,
2017). Records were provided in species abundance by m2. The suitable
input value for Ecopath model (g WW*m−2) was obtained by multi-
plying species (groups) individual weight by abundance mean. Due to
the high benthos diversity at Araçá Bay (Corte et al., 2017) we had 10
compartments to represent this group (Table SM2), including four very
abundant species considered exclusive compartments: Olivella minuta,
Anomalocardia brasiliana, Laeonereis culveri, and Monokalliapseudes
schubarti.

Production/Biomass rate for the benthos groups were estimated
using an empirical regression that assesses the annual somatic pro-
duction of marine benthic invertebrate populations (Tumbiolo and
Downing, 1994) as follow:

Log (P) = 0.24 + 0.96 * log(B) – 0.21 * log(Mass) + 0.03 * Temp –
0.16 * log (D+1) (2)

where:

P: Annual Somatic Production (g DW*m−2*year−1);
B: Biomass (g DW*m−2);
Mass: Maximum Individual Body Mass (mg DW; 1 g DW=3.5 g
WW);
Temp: Surface water Temperature (27 °C);
D: Water depth (1.5 m).

Consumption/Biomass (QB) rate shows how much one component
eats in relation of its own weight during a year (Christensen et al.,
2008). In this case we used respiration rate estimates for invertebrates
calculated by Humphreys (1979) equation:

Log(R) = 0,691 + 0,892 * log(P) (3)

where:

R: Respiration (K Joules * m−2 * year−1);
P: Production (K Joules * m−2 * year−1); P = P/B estimates;
Conversions rates: 1 K J= 238.85 calories and 1 g WW=5 calories.
Consumption rate was calculated by:

Q/B = (P/B + R/B)/A (4)

where:

Q/B: Consumption/Biomass rate (g * m−2 * year−1);
P/B: Production/Biomass (Eq. (2));
R/B: Respiration (Eq. (3)) divided by Biomass;
A: depends on feeding habit: filters and suspensivores: 0.6; others
groups, including detritivores: 0.8.

Benthos' diet composition was organized using literature (Table
SM2). All benthos components almost exclusively consumed Detritus.
The only exceptions were Gastropoda, Polychaeta and Olivella minuta,
which also consume other benthos and Echinodermata, which

consumes Phytobenthos.

2.4.5. Fish
Fish samplings were made using gears, which allow for estimates of

the weight of species caught (in grams) by area of environment (m2) for
each fish sampling operation. Using results of all gears by survey the
biomass values of species (g * m−2) was estimated. In the model, only
species caught in at least three from the five surveys were considered
(tri-monthly; Table SM1).

The gears used in the sampling surveys were: i) Twin otter trawl
with a total of four hauls carried out in each survey sampling, on
average, 222 ± 120m2; ii) Cast net with assumed area of the net to be
round (= 34.73m2), handled by skilled fisherman with 18 replicates
per survey; iii) Encircling gill net, with 3m in high and 590m in length,
to which fish are driven to become entangled in the net due to the noise
and beating oars produced by fishermen. The mean sampled area was
4349 ± 5315m2; iv) Beach Seine with 20m wide and 3m high with a
15m long bag. Handling it produced an estimated mean sampled area
of 378 ± 153m2. Details about sampling surveys and each gear are
explained in Supplementary Material (Table SM1) and Contente and
Rossi-Wongtschowski (2017).

In total 126 fish species were sampled (Lamas et al., 2016) but only
49 occurred in more than three sampling surveys (Table SM3). We
choose 13 fish compartments to represent the seven more abundant fish
species (Haemulopsis corvinaeformis, Mugil curema, Atherinella brasi-
liensis, Diapterus rhombeus, Trichiurus lepturus, Sardinella brasiliensis, and
Mugil liza), the two fish genera (Centropomus spp. and Sphoeroides spp.)
and Dasyatis spp., because stingrays are ‘charismatic’ animals. We used
three species groupings according to their feeding habit (Benthivore,
Hyperbenthivore-piscivore, and Planktivore), which comprised 35
species (Table SM3).

The Production/Biomass (PB) for fish compartments was calculated
using the Pauly (1980) equation for Natural Mortality (M):

M = 0.9849* K0.65 * L∞−0.279 * T 0.463 (5)

where:

M: Natural Mortality (year−1)= Production/Biomass (Allen, 1971);
K: curvature parameter of the Von Bertalanffy Growth Function
(year−1);
L∞: asymptotic length (cm);
T: mean environmental temperature (oC, in this case, 27° C).

The Consumption/Biomass (QB) rate is the intake of food by a group
over the year relative to own weight. In our model, we calculated QB
using the empirical regression of Palomares and Pauly (1998):

log(QB) = 7.964–0.204* logW∞ - 1.965 * T' + 0.083* Ar + 0.532* H
* 0.398 * D (6)

where:

Q/B: Consumption/Biomass rate (year−1);
W∞: asymptotic weight (g WW);
T’: is an expression for the mean annual temperature of the water:
T’ = 1000/(Kelvin = °C + 273.15);
Ar: aspect ratio of the caudal fin (measurement of the swimming and
metabolic activity of the fish): Ar=h2/S (where: h - height of the
caudal fin (mm) and S the surface area of the caudal fin (mm2));
H and D: fish feeding habit: if Herbivores then H=1 and D=0; if
Detritivores, H=0, D=1, for other feeding habit, H=D=0.

We used the Fishbase platform (Froese and Pauly, 2017) for the
input parameters values for equations (5) (PB) and (6) (QB).
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2.4.6. Fish diet composition
Four sampling surveys were carried out in Feb–Mar/2013 and

Jun–Jul/13 for fish collection following the same procedure as dis-
cussed above. In total, 879 gut contents of 23 species were analyzed
with prey items being identified under stereomicroscope at different
taxonomic levels. This depended on the preservation of their bodies and
was quantified in grams (Amaral, 2015). Additionally, 1187 isotopes
analyses for 20 fish species and food sources were performed (Soares
et al., 2016). Both methods were applied in a complementary way
mainly to confirm Detritus source for detritivore species.

2.4.7. Birds
Birds were sampled by visual observation during three-day sam-

pling surveys monthly from June/2014 to June/2015 (2.5 h per day)
with a total effort of 90 h of observation. A total of 74 bird species were
observed. The most abundant was Coragyps atractus and we considered
them as a unique compartment in the Ecopath model. In the other
compartment (Water birds) we grouped the other species with the most
representative ones being Sula leucogaster, Fregata magnificens and
Sterna hirundinacea.

Biomasses were calculated, multiplying the mean abundance of
samplings by individual mean weight of each species (Dunning, 1992).
Afterward, we divided the biomass found by the Araçá Bay area.

For Consumption/Biomass rate estimating, we used the empirical
regressions from Ellis and Gabrielsen (2002), which calculate the con-
sumption based on species individual weight. For Production/Biomass
we used a value for water birds (PB=0.4) from an Ecopath model for
Delaware Bay (Frisk et al., 2011). In this sense, we assumed PB=0.1
for C. atractus, because it is much bigger (and weightier) than water
birds from Araçá Bay.

2.4.8. Turtles
Sightings of turtles were made simultaneously from boats and at a

high land points during four successive days in March, June, August
and October 2014. All individuals observed (n=144) were identified
as Chelonia mydas juveniles with daily mean observation of 4.4 in-
dividuals. Using the mean weight of three individuals (= 5.36 kg) the
biomass by the bay area was 0.068 g*m−2. Production (PB) and
Consumption (QB) rates were taken from the literature (Torres et al.,
2013). Diet composition was determined by analysis of stable isotopes
(Soares et al., 2016).

2.4.9. Crab and shrimp
Crabs and shrimp were sampled as by-catch in the fish sampling (see

above). All individuals were weighted and standardized by fishing gear
area in all sampling surveys. Biomasses of shrimp and crabs were 0.021
and 0.72 g * m−2, respectively. PB and QB rates for crabs and for
shrimp were taken from the literature (Frisk et al., 2011; Cheng et al.,
2009). Diet compositions were based on literature for shrimp (Branco
and Moritz Jr., 2001) and crabs (Mantelatto and Petracco, 1997;
Mantelatto and Christofoletti, 2001).

2.5. Validation and balancing of the food web model

We followed the best practices in Ecopath modeling (Heymans
et al., 2016) using the following steps: i) before the first run, we
changed the excretion/egestion rate for Zooplankton, all benthos
groups and other feeders groups on Phytoplankton to 40% and 30%,
because it is more realistic from a physiological point of view (Ecopath
input default is 20%); ii) after, we balanced the model to achieve the
Ecotrophic Efficiency (EE) values lower than 1.0; iii) we also confirmed
if Production/Consumption (P/Q or Gross Efficiency, GE) values were
between 0.1 and 0.3; if Respiration/Assimilation rate values < 1.0;
and if Respiration/Biomass rate values were between 1 and 10 for fish
compartments and 50 to 100 for groups with higher turnovers rates
(higher PB and QB values).

We also used the Pre-Balanced (PREBAL) diagnosis (Link, 2010) to
identify issues in the model structure and in data quality before bal-
ancing the network model. We analyzed the main relationships among
Biomass, Production and Consumption to Trophic Level. Biomass
should span 5–7 orders of magnitude and PB and QB decrease when TL
increases. We also observed vital rates ratios, for example, rates of
predator must be lower than prey's rate and Respiration/Production
rates need to be lower than 1 (Link, 2010).

In order to evaluate the input data quality, we estimated the
Pedigree Index (IPdgr) attributing values between 0 (low quality) and 1
(high) for each input parameter value (B, PB, QB, and the diet matrix
elements) according to the source of information. Then, the average
values for all parameters and groups provided a general concise index
of the model input data quality (Christensen et al., 2008).

2.6. Food web model results

The Ecopath food web model can be used to estimate general in-
dicators for the food web aside from properties of each functional
group. For each compartment, in order to investigate the strategy of
feeding behavior, we used the Omnivory Index (Christensen et al.,
2008), the number of paths in which energy passes until it has reached
all groups, and the flow contribution to Detritus.

Regarding general indicators, we used the System Omnivory Index
(SOI) and classical attributes (Odum, 1969) such as the Total Primary
Production/Total Respiration, Total Primary Production/Total Bio-
mass, Total Biomass/Total System Throughput, Connectance Index,
Finn's Cycling Index, Overhead (O), Ascendency, Transfer Efficiency
and the Detritivore/Herbivore ratio. These attributes measure a global
development status for the ecosystem (sensu Odum, 1969) considering
that “mature” environments are more resilient than “immature” eco-
systems (see more details in Angelini et al., 2013).

The Mixed Trophic Impact (MTI) analysis was used to quantify the
relative impact of biomass change within a component (impacting
group) over the rest of the other components (impacted groups) in the
food web (Ulanowicz and Puccia, 1990), accounting for all possible
direct and indirect impacts from one component to another. Using MTI
parameters, Libralato et al. (2006) and Valls et al. (2015) developed a
keystone species index. A keystone species is defined as a species with
low biomass but that could play an important role in the food web
(Paine, 1995).

2.7. Time dynamic impact simulations

The temporal dynamic module of EwE (i.e., Ecosim) uses settings
from the mass-balance module (i.e., Ecopath) as the initial conditions
and parameter definitions (Christensen and Walters, 2004). Namely,
the system equation (Eq. (1)) is transformed into a system of ordinary
differential equation (Walters et al., 1997, 2000):

dBi/dt= gi * ∑j Qji−∑j Qij + Ii – (MOi + Fi + ei) * Bi (7)

where: dBi/dt is the change in B of group i over time t; gi is the net
growth efficiency; Qji is the consumption of group j by group i; Qij is the
consumption of group i by group j; Ii is the extent of immigration of
group I; MOi is the non-predation rate of natural mortality of group i; Fi
is the fishing mortality of group i (in this case zero (0) for all groups)
and ei is the emigration of group i.

In Eq. (2), the quantity of prey i consumed by predator j (Qij) is a
nonlinear relationship based on the “foraging arena theory” (Walters
et al., 2000; Walters and Christensen, 2007; Ahrens et al., 2012):

Qij = (aij * vij * Bi * Bj)/ (2 * vij * aij * Bj) (8)

Where: aij is the effective search rate of predator j feeding on prey i,
Bi is the biomass of the prey, Bj is the predator biomass, and vij is the
vulnerability of prey i to predator j. The foundation of Eq. (3) is the
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“foraging arena concept”, in which the prey biomass is divided into
vulnerable and non-vulnerable components and the transfer rate be-
tween these two components is the vulnerability rate (vij), which de-
termines whether the flow control is top-down (vij > 2), bottom-up
(vij < 2), or mixed (vij=2; the defaults values in EwE).

Using Ecosim module, we simulated the temporal variation of re-
lative biomass (end/initial Biomass) for all groups in the first fifteen
years of port expansion using some values of vulnerability settings:
vij=1.0; vij=2.0 and vij=10, according to the theory of the foraging
arena (Ahrens et al., 2012). Ecosim module contains a routine to allow
a ‘forcing function’ (FF), which represents a physical driving influence
on components and trophic interactions, varying the search rate values
(aij). As the port's expansion could provide a floor deck over the bay
waters, we simulated a vast shading, using a negative exponential
function to all trophic relations linked with primary producers in the
system, i.e, forcing a fast decreasing of the primary production for the
next 15 years. The relative biomass for all compartments was analyzed
in this simulation period. We also simulated (using vij=2 and without
forcing function) an increasing capture of the top five keystone com-
ponents, in order to understand their role on other organisms of the
food web.

3. Results

3.1. Araçá Bay Ecopath model

The input values for balanced Araçá Bay model are showed in
Table 1 and the diet composition is displayed in Table 2. The resulting
food web highlights the relevance of benthos biomass and their links to
the overall system (Fig. 2).

The Pedigree index value for Araçá Bay model was markedly high

(0.84) because we trust in the biomass estimates and in the diet com-
position depicted (see Table SM4 for all pedigree index values). Values
for these parameters did not change during the balancing procedure.

Consistency and coherence of the model were analyzed using rates
and relations among compartments (Link, 2010; Heymans et al., 2016).
We found out that QB rates for benthos (calculated by equations (3) and
(4)) were overestimated because Production/Consumption (P/Q) rates
were not between 0.1 and 0.3 (Table SM5). Notwithstanding this ar-
rangement and likely due to high predation, some benthos compart-
ments did not display Respiration/Biomass (R/B) lower than 100, as
expected (Table SM5). Likewise, R/B rate for fish and bird compart-
ments did not satisfy the predicted condition (R/B lower than 10 and P/
Q higher than 0.1; Table SM5). Most likely these organisms were in-
fluenced by the tidal fluctuation, which leads them to feed mainly out
of the bay area, resulting in the high import in their diet composition
(Table 2). All the import values summed represent just 0.005% of total
consumption, resulting in a remarkable imbalance between fish bio-
mass at high trophic levels (TL > 3.0 and B=7.7) and at low ones
(TL < 3.0 and B=2.5). Import consumption and predation on benthos
groups support higher biomass at upper TL. Despite this, the relation of
B, PB and QB with TL in the Araçá Bay model was inverse that of what
was predicted (Fig. SM1 and SM2). Benthos groups, however, remained
noticeable because they represented 97% of flow to Detritus, 93% of the
total biomass (Table 1) and were responsible for 68% of total con-
sumption.

Yet benthos groups have an omnivory index (OI) equal to zero since
they have just one feeding path (Table 1). Centropomus spp. had the
highest OI (0.78) since it was the food web's top-predator (TL= 4.01).

The Araçá Bay food web showed mature features (Table 3), being
detritus-based and showing very high values of Finn’ cycling index
(34.7%) and Detritivore/Herbivore ratio (1122; Table 3). Conversely,

Table 1
Basic input parameters and outputs (in bold) for Ecopath of the Araçá Bay: Trophic Level (TL); B. Biomass (g*m−2); PB. Production/Biomass (g*m−2); QB. Consumption/Biomass
(g*m−2*year−1); EE. Ecotrophic Efficiency; Flow detr. Flow to Detritus (g*m−2*year−1); OI. Omnivory Index.

n. Group name TL B PB QB EE Flow detr OI

1 Phytoplankton 1 1.286 347.17 0.959 18.16
2 Phytobenthos 1 27.500 121.60 0.002 3337.19
3 Mangrove 1 49.000 0.17 0.016 8.34
4 Zooplankton 2.10 0.375 40.00 160.00 0.917 25.25 0.11
5 Gastropoda 2.53 20.770 12.25 65.00 0.022 788.84 0.29
6 Olivella minuta 2.97 130.780 69.82 219.00 0.001 20580.27 0.19
7 Bivalve 2.00 201.600 55.20 402.00 0.977 32671.60 0
8 Anomalocardia brasiliana 2.00 249.580 55.78 541.00 0.010 67788.57 0
9 Polychaeta 2.30 194.000 70.00 354.00 0.855 29443.88 0.21
10 Capitellidae 2.00 80.760 65.30 469.00 0.001 20417.09 0
11 Laeonereis culveri 2.00 46.680 13.22 129.00 0.231 2883.34 0
12 Oligochaeta 2.00 15.520 5.21 50.00 0.089 384.15 0
13 Monokalliapseudes schubarti 2.00 224.190 114.27 780.00 0.894 72660.95 0
14 Echinodermata 2.00 0.560 0.60 6.00 0.000 1.68 0
15 Dasyatis spp. 3.23 0.001 0.50 6.35 0.020 0.00 0.65
16 Haemulopsis corvinaeformis 3.16 1.483 2.13 11.31 0.321 5.50 0.09
17 Diapterus rhombeus 3.20 0.444 1.20 10.50 0.907 0.98 0.08
18 Mugil curema 2.00 1.190 2.00 36.30 0.617 13.87 0.15
19 Mugil liza 2.00 0.058 0.56 21.60 0.015 0.41 0.15
20 Atherinella brasiliensis 2.38 0.792 1.78 15.90 0.988 3.79 0.28
21 Centropomus spp. 4.01 0.570 0.26 8.40 0.686 1.00 0.78
22 Sphoeroides spp. 3.00 0.340 1.25 8.72 0.268 0.90 0.25
23 Trichiurus lepturus 3.74 0.156 1.21 6.20 0.005 0.38 0.39
24 Sardinella brasiliensis 2.44 0.139 1.42 24.26 0.985 1.01 0.41
25 Planktivore 2.88 0.322 1.00 10.00 0.482 1.13 0.20
26 Benthivore 3.22 3.328 1.50 9.20 0.596 8.14 0.10
27 Hyperbenthivores-piscivores 3.40 1.187 0.71 4.68 0.923 1.18 0.65
28 Shrimp 2.00 0.021 7.75 26.70 0.683 0.28 0
29 Crabs 2.93 0.720 1.40 19.08 0.710 5.79 0.30
30 Turtles 2.53 0.068 0.15 2.54 0.000 0.06 0.27
31 Coragyps atratus 2.27 0.330 0.10 40.00 0.000 2.67 0.40
32 Waterbirds 3.41 0.200 0.40 50.00 0.000 2.08 0.24
33 Detritus Mangrove 1 Total Input 8.34
34 Detritus 1 Total Input 251058.50
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values for Total Primary Production/Total Respiration (TPP/TR), Total
Biomass/Total Flow Throughput (TB/TFT) and Connectance index in-
dicated an immature system (Table 3), but confirms the Detritus' re-
levance.

The Matrix Trophic Impact (Fig. 3) indicated that groups like Tri-
chiurus lepturus, Centropomus spp., Waterbirds and Detritus have a
greater influence on larger numbers of compartments than benthic
groups. As a result, the keystone index indicates as key species in Araçá
Bay (in order): T. lepturus, Waterbirds, Coragyps atratus, Centropomus
spp., Hyperbenthivores-piscivores, Crabs, and Benthivores (see the full
list in Table SM6).

3.2. Simulation outputs

The running of the Araçá Bay model using a negative exponential as
a forcing function on all trophic relations linked with primary produ-
cers (to simulate a shadowing effect of port expansion) depicted the
collapse of almost all groups (Fig. 4 with vij=2). Sardinella brasiliensis
is an exception and its final relative biomass would increase almost 500

times in 15 years after impact likely because its high import in diet
composition. Detritus and Mangrove Detritus would also increase more
than 100,000 times after five years, indicating a Detritus accumulation.
Using vulnerability values (vij)= 10 (top=down control) a very si-
milar output to Fig. 4 was found (Fig. SM3). On the contrary, using
vij=1 (bottom-up control) all biomass compartments decreased
quickly (Fig. 5).

We also simulated an increase catch for the top five keystone
components (T. lepturus, Waterbirds, C. atratus, Centropomus spp., and
Hyperbenthivores-piscivores) and the outputs show a relative influence
on other components and on their own biomass (Fig. 6). It is interesting
that despite increasing the catch, Hyperbenthivore-piscivore and T.
lepturus could increase showing an unexpected result and the food web
complexity.

4. Discussion

The Araçá Bay Ecopath food web model was constructed based on a
multidisciplinary, model-oriented research project, making possible a
high quality sampling design especially used to convert observed values
into information needed to parameterize a food web model. The model
outputs showed that Araçá Bay is a mature and detritus-based eco-
system and it is highly influenced by the role of benthos groups re-
sponsible for a large amount of Detritus recycling. The simulation of
port expansion (primary producers' reduction) indicated a strong ne-
gative impact on almost all living groups and the increase in Detritus
accumulation, leading the entire bay ecosystem to collapse (in the short
term). Besides this, it seems that the food web is top-down control
because the outputs using vulnerabilities rate values (vij=2 or vij=10)
look similar and different to a bottom-up condition (vij=1). This latter
option seems unlikely since no ecological component showed an ad-
vantage with the simulated impact.

One of the main issues on ecological modeling is the model's re-
presentativeness raising the concerns whether the model is good en-
ough to describe and simulate an ecosystem, markedly when severe
changes are intended, such as in Araçá Bay. Usually, the confidence in
Ecopath models is enhanced by its calibration using time series data on
fishing and/or biomass of other organisms (Shannon et al., 2003). Like
in many other Brazilian environments, there were no times series data
available for Araçá Bay to allow for an appropriate calibration proce-
dure. To overcome this paucity in data, model's consistency was ver-
ified through the Prebal analysis. This revealed realistic and coherent
rates for the groups' metabolism (such as respiration, consumption,
assimilation and other) in respect to their trophic levels. The quality of

Fig. 2. Flow diagram of the Ecopath model for Araçá Bay (Brazil). Axes Y: Trophic Level position; Size of nodes represents compartment's biomasses.

Table 3
Ecosystems attributes revealed by Araçá Bay Ecopath model.

Parameter Value Unit

Sum of all consumption 534506.2 g*m−2*year−1

Sum of all exports 0.09 g*m−2*year−1

Sum of all respiratory flows 241092.0 g*m−2*year−1

Sum of all flows into detritus 231060.5 g*m−2*year−1

Total system throughput 1006659.0 g*m−2*year−1

Sum of all production 83435.0 g*m−2*year−1

Calculated total net primary production 3798.9 g*m−2*year−1

Total Primary Production/Total
Respiration

0.02

Total Primary Production/Total Biomass 3.030
Total Biomass/Total Throughput 0.001
Total Biomass (excluding detritus) 1253.95
Connectance Index 0.112
System Omnivory Index 0.160
Development Capacity (flowbits) 4138390 flowbits
Ascendency 24.08 %
Overhead 75.90 %
Finn's cycling index 34.70 % of total throughput
Total Transfer Efficiencies 1.65 %
Flow from PP to Trophic Level II 435.2 g*m−2*year−1

Flow from Detritus to Trophic Level II 488308.0 g*m−2*year−1

Ratio Detritivorie/Grazing 1122.03
Pedigree index 0.844
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Fig. 3. Trophic Impact analysis matrix for Araçá Bay Ecopath model (Brazil). Rows: impacting group; Columns: Impacted groups. Blue: positive impact; Red: Negative impact. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Outputs of temporal simulations of Araçá Bay Ecopath model (Brazil) with forcing function reducing the primary producers and vij=2 (vulnerabilities values). a) Primary
Producers and Zooplankton; b) All fish compartments (exception is S. brasiliensis, see text); c) Benthos compartments; d) Other compartments. Some compartments were not highlighted.
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input data, valued by Pedigree index, was very high when compared to
other models (see Colléter et al., 2015), emphasizing the value of a
model-oriented research project. The systematically planned surveys
methods provided the biomass estimates needed, which is the most
sensitive parameter of Ecopath models and allowed the proper con-
version from observed data to grams per square meter (Ecopath’ unit).
Besides, most rates are estimated for overall groups through broad
equations like in Tumbiolo and Downing (1994), sometimes leading to
poor estimates. Also, in the Araçá Bay model, the identification of
overestimates in benthos consumption rate by the Prebal diagnosis
underlined the shortage of good equations and rate estimates for tro-
pical species.

To the extent of our knowledge, the absolute (1163.88 g*m−2) and

relative (93%) biomasses of benthos recorded in Araçá Bay are the
highest biomass entered in Ecopath models found so far. Despite the
role of benthos' biomass, it has been shown relatively relevant in other
bay Ecopath models (Du et al., 2015; Dutta et al., 2017) sometimes
resulting in high recycling (Lin et al., 2004; Byron et al., 2011; Frisk
et al., 2011). The biomass unveiled in Araçá Bay produced a high
Detritivore/Herbivore rate (more than 1000) and a Finn recycling index
of 32%, higher than values previously registered in Ecopath models in
other bay areas (see for example, Sakamoto and Shirakihara, 2017;
Chen et al., 2015).

Detritus-based ecosystems tend to be more resilient (sensu Odum,
1969) and are expected to hold up benthos groups that support high
overhead value (75%), which measures the reserve of energy in the

Fig. 5. Outputs of temporal simulations of Araçá Bay Ecopath model (Brazil) with forcing function reducing the primary producers and vij=1 (vulnerabilities values). a) Primary
Producers and Zooplankton; b) All fish compartments; c) Benthos compartments; d) Other compartments. Some compartments were not highlighted.

Fig. 6. Outputs of temporal simulation of catch on main five keystone groups. Catch percentage values are relative to initial biomass of each group. a) other groups; b) five keystone
groups. Groups that are not shown did not have meaningful changes.
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ecosystem (Ulanowicz, 1986). In bay environments, benthos groups are
considered more resistant to climate change than other groups, espe-
cially if functional diversity is high (Taylor et al., 2008). Beyond the
noteworthy biomass, benthos diversity is also high in Araçá Bay (Corte
et al., 2017), turning the benthos groups into a permanent source of
food for other organisms, acting as an efficient “engine” to recycle
detritus and the main structuring live group in Araçá Bay. The role
played by benthos groups is likely been influenced by its higher stabi-
lity. While other groups are forced to leave the bay during low tide, the
benthic groups remain in the bottom of the bay and are less influenced
by tide fluctuation and other outside factors.

Notwithstanding the central importance of benthos, they are not the
keystones group appointed by Ecopath outputs. Keystone species con-
cept suggests that they have a low biomass and a high impact on other
groups (Valls et al., 2015). In the Araçá Bay model the keystone groups
identified (T. lepturus, Waterbirds, C. atratus, Centropomus spp., Hi-
perbenthivore-piscivore) have trophic level (TL) values higher than 3.
Any change in these keystone species is expected to potentially alter the
entire food web. Indeed, the absence of T. lepturus in the model simu-
lations caused dissimilar dynamics in many species (see bellow).
However, the simulation on these five key components did not dis-
turbed the system compared to the port expansion impact.

Nevertheless, the resilient condition for Araçá Bay food web, si-
mulation of the shading impact on the bay (due to the port expansion)
indicates, at first, an increase of Phytoplankton, followed by increasing
bivalves (Phytoplankton's consumer and benefited by predator's decline
at the beginning of the simulations). However, with the large accu-
mulation of Detritus on the bay, the majority of groups would be af-
fected afterward and would tend to become extinct within a period of
seven years. The exceptions would be D. rhombeus, while its main prey
(Polichaetas) maintains itself, and Hyperbenthivore-piscivore that
would grow probably due to the reduction in their main predators (T.
lepturus and Centropomus spp.). Groups such as Centropomus spp. and C.
atratus decrease slowly, likely because of the high percentage of imports
in their diets. Accordingly, S. brasiliensis' biomass had a huge increase
(almost 500 times) because of an import of 50% in its diet, which de-
termines its low dependency on the bay environment, and because the
decrease in its predator (T. lepturus). Consideration needs to be given as
to the degree to which the bay turns shaded after the possible port
expansion. It would be highly unlikely that the schools of S. brasilensis
would return to the bay.

In a broader view, simulation outputs showed that a port expansion
of the Araçá Bay environment would cause an unrelenting impact on
organisms and environmental quality (due to Detritus accumulation).
However, like all mathematical models, our model portrays a picture of
the reality. The inclusion of São Sebastião Channel area (Fig. 1) could
substantially improve the model because Araçá Bay has a small area to
which the majority of organisms move in and out according to tide
fluctuations. In this sense, the use of Ecospace approach (Lewis et al.,
2016) could be promising. It would allow for the inclusion of different
habitats and the simulation of advantages and disadvantages of the
implementation of a Marine Protected Area (MPA) on this small area,
which could be considered a permanent “evolutive hotspot” (Barthem
and Goulding, 2007), to be used for migratory species and because it
concentrates a high species richness, especially benthos groups.

5. Conclusion

All ecological investigation involves choices about researches prio-
rities, which consequently define objectives, sampling design and out-
puts analysis (Jones and Paramor, 2010). Here, by carrying out an
ecosystem-based research and model-oriented project, with specific
sampling procedures per group of organism which could effectively
integrate the multi-disciplinary information in a single mathematical
structure (Ecopath model) which, in an interdisciplinary way, allowed
the quantification of Araçá Bay food web. The Ecopath approach is a

key tool for the ecosystem-approach to fisheries and marine resources.
It is useful to identify patterns and accessible to wide applications,
because it was the first ecosystem-level simulation model to be freely
available (Christensen and Maclean, 2011).

Our Ecopath model simulations indicated the probable harsh impact
of a port expansion over Araçá Bay revealing that the environmental
dynamic will be severely ruined due to the dangerous accumulation of
Detritus, with negative consequences for human health.

The last Ecopath conference held in 2014 identified that modelers
have failed to communicate the value and relevance of their work to
management advisors (Coll et al., 2015). The model application and
outputs presented here are an example of how objectively planned
sample design and modeling may steer scientists, local people and
stakeholders' decisions on the dilemma of conservation or ‘develop-
ment’ and on the sustainable use of natural areas and its living re-
sources.
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