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A population agent-based model of marine amphipod Gammarus locusta was designed and implemented
as a basis for ecological risk assessment of chemical pollutants impairing life-history traits at the individ-
ual level. We further used the model to assess the toxic effects of aniline (a priority hazardous and noxious
substance, HNS) on amphipod populations using empirically-built dose-response functions derived from
a chronic bioassay that we previously performed with this species. We observed a significant toxicant-
induced mortality and adverse effects in reproductive performance (reduction of newborn production)

ﬁ‘g’;"’oms" in G. locusta at the individual level. Coupling the population model with the toxicological data from the
Agent-based model chronic bioassay allowed the projection of the ecological costs associated with exposure to aniline that
Amphipods might occur in wild populations. Model simulations with different scenarios indicated that even low level
Recovery prolonged exposure to the HNS aniline can have significant long-term impacts on G. locusta population

abundance, until the impacted population returns to undisturbed levels. This approach may be a use-
ful complement in ecotoxicological studies of chemical pollution to transfer individual-collected data to
ecological-relevant levels.

Population model
Risk assessment

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Assessing the impact of exposure to environmental pollutants,
in the framework of ecological risk assessment, requires analyti-
cal and modelling tools to examine their biological and ecological
effects on target organisms (Rodier and Norton, 1992). In most lab-
oratory studies, toxicity is assessed in bioassays in which organisms
are exposed to a concentration range of the selected pollutant, and
survival, growth and reproduction endpoints are determined at the
individual level. However, effects at higher organisational level,
such as population, are more valuable for ecological risk assess-
ment, particularly if we want to infer abundance patterns over
space and time, and population-level properties such as persistence
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and recovery. The challenge, at this point, is the extrapolation from
individuals to populations by combining toxicity data from bioas-
says and population modelling approaches. Agent-based models
are a good option for this purpose because population proper-
ties emerge from individuals (or agents) and their interaction with
the environment, and also because they allow the incorporation of
individual variability (Grimm and Railsback, 2005). These models
have proven useful in predicting short- and long-term population
responses under different scenarios of environmental disturbance,
based on individual-level endpoints (e.g. Forbes et al., 2008; Galic
et al., 2014; Preston and Snell, 2001), making them valuable tools
for ecological risk assessment and management of environmental
pollutants (Galic et al., 2010, 2014; Meli et al., 2013; Pastorok et al.,
2003).

Chemical pollution is one of the most likely occurring distur-
bances in estuarine and coastal ecosystems, either by inputs from
domestic and industrial sewage or from contaminants delivered
by rivers and surface water run-off from the land. In addition,
the risk of accidental spills is rising given the increasing ship-
ping of chemicals in the last decades (Purnell, 2009). In particular,
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hazardous and noxious substance (HNS) are contaminants other
than oil which, ifintroduced into the marine environment, are likely
to create hazards to human health, to harm living resources and
other marine life, to damage amenities and/or to interfere with
other legitimate uses of the sea (IMO, 2000). However, the toxi-
city and ecological impacts of HNS on marine organisms are poorly
understood, making it difficult to predict the effects on marine
ecosystems (Neuparth et al., 2011; Cunha et al., 2014). Particularly,
aniline (also known as phenylamine or aminobenzene; which is
categorised as a floater/dissolver) is present in the environment at
detectable levels and it is considered one of the priority HNS pos-
ing a major risk in the European context (Neuparth et al., 2011).
Apart from the risk of spill during its transportation, aniline and
its derivatives are pollutants originated from pesticides, dye man-
ufacture and coal liquefaction, so aniline can also be potentially
introduced in aquatic environments by industrial inputs to sewage
treatment works and by agricultural run-off (Lyons et al., 1985 and
references therein).

Most HNS spills are frequently characterised by an initial large
scale release of a chemical with a diminishing concentration profile
over time. If a HNS is persistent and/or cargoes are lost from ves-
sels to the seabed or when it becomes associated with sediments,
exposure may continue for many months or years albeit to rela-
tively low levels, leading to chronic exposure. In these situations,
the seriousness of spills is primarily related to the time to recovery
of the impacted habitats and populations, that is, the time needed
to re-establish the population at the pre-disturbance conditions or
to levels that would have prevailed in the absence of the HNS spill.
Coupling ecological modelling with toxicological data represents a
useful tool for inferring times to recovey of populations under dif-
ferent scenarios of contamination, providing relevant information
to natural resource management and ecological risk assessment of
toxic chemicals (Forbes and Calow, 2013; Galic et al., 2010, 2014).

Another key challenge in ecological risk assessment is to find
appropriate model organisms to efficiently evaluate the complex-
ity of potential environmental effects of pollutants at ecologically
relevant levels (Fairman et al., 1998). The amphipod Gammarus
locusta is a suitable test organism in the evaluation of environ-
mental effects of pollutants and its implications in ecological risk
assessment (e.g. Costa et al.,, 1998). This species is broadly dis-
tributed in marine and estuarine ecosystems, it is sensitive to a
broad range of aquatic contaminants, and it has an important role
in food webs of coastal and estuarine regions (Costa and Costa,
2000). In addition, it is amenable to laboratory bioassays due to
its short life cycle, simple handling for brooding, adaptability and
testing. In the last decades, procedures using G. locusta as a model
test organism in ecotoxicology have been developed (Correia et al.,
2002; Costa and Costa, 1999; Costa et al., 2005; Neuparth et al.,
2002, 2005, 2014a,b), providing essential baseline data on the biol-
ogy and population dynamics of this species, both in the field and
under experimental conditions, making available the foundations
to construct an ecological model. Despite the existence of other
population models developed for marine amphipods (Talitrus salta-
tor, Anastacio et al., 2003 and G. locusta, Andersson et al., 2009),
they are not designed to include toxicity data. However, a recent
agent-based model for the freshwater amphipod Gammarus pulex
demonstrated the validity of this approach in introducing toxicity
at the individual level (Galic et al., 2014).

The general aim of this study was to construct an agent-based
model for the marine amphipod G. locusta to assess the toxic effects
of chemical pollutants on estuarine and coastal ecosystems. In this
study, in particular, we additionally aimed at improving the knowl-
edge on the priority HNS aniline by producing ecotoxicological data
and combining it with the population model to support ecological
risk assessment of HNS spills in marine ecosystems. The specific
objectives were to: (1) examine the sensitivity of the marine species

G. locusta after chronic exposure to aniline; (2) translate those
effects to the population level by implementing an agent-based
model for G. locusta in combination with results obtained from
bioassays; and (3) use the population model to estimate times to
recovery after disturbance in different scenarios of exposure to
aniline.

2. Material and methods
2.1. Test organism Gammarus locusta

G. locusta (Linnaeus, 1758) is an epibenthic amphipod with a
wide geographical distribution along the North-East Atlantic coast
(Costa and Costa, 2000). This species is normally found in coastal
and estuarine ecosystems, typically on rocky substrates associated
to seaweeds, or in sandy or muddy bottoms of Zostera spp. beds
(Costaand Costa, 2000). G. locusta is amongst the main prey of many
fish, birds and invertebrate species, which greatly contributes to its
high ecological value (Costa and Costa, 1999; MacNeil et al., 1999).
Its life-cycle comprises juveniles and adults (with distinct sexual
characteristics) and females reproduce over the whole life-span.
Natural populations of G. locusta are found in the range of 17-35
of salinity, which is a key factor in its distribution, and 11-24°C
of temperature, the latter modulating reproduction and growth of
individuals (Costa and Costa, 1999, 2000; Neuparth et al., 2002).
Compiled information used to parameterise the life-cycle processes
of G. locusta is fully presented in Supplementary material.

2.2. Agent-based model for G. locusta

An agent-based model (ABM) was built in which population
properties were derived by keeping track through time of the
characteristics of each individual and their interaction with the
environment (Grimm and Railsback, 2005). The model is imple-
mented using R programming language R3.0.2 (R Core Team, 2013),
and R package “simecol” (Petzoldt and Rinke, 2007). The model is
described following the ODD protocol (overview, design, details;
Grimm et al., 2010). The model is partly based on a previous ABM
built for a conspecific freshwater amphipod (Galic et al., 2014). The
full R-code of the model is available on request from the corre-
sponding author.

2.2.1. Purpose

The purpose of the model is to translate toxicant-induced
changes in life-cycle traits (growth, reproduction and mortality)
measured at the individual level, to population dynamics of the
marine amphipod G. locusta. The model includes seawater temper-
ature as a forcing factor affecting life cycle traits of individuals and
it is spatially-explicit. In the present study, the model is specifi-
cally applied to evaluate the effects of chronic exposure to the HNS
aniline.

2.2.2. Entities, state variables and scales

The model comprises two entities: female individuals and
square cells in a two-dimensional grid simulating the landscape
(5 x 5 identical square cells of 1 m?2 each). The model assumes that
individuals were not previously exposed to aniline. Individual state
variables include individual age (days), body length (mm), brood
size and embryo age (when applicable, i.e. gravid females) and spa-
tial position (discrete x and y coordinates in the grid). Individuals
are categorized as juveniles and adults based on their size. All cells
in the grid have the same conditions regarding temperature (°C)
and toxicant concentration. Local density of individuals (ind m~2)
is specific to each cell and determines the probability of density-
dependent mortality in that cell. There is not a direct limitation
of number of individuals per cell, but this is indirectly controlled
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Fig. 1. Conceptual diagram of the modelled life cycle of Gammarus locusta. Rectangles indicate processes at the individual level and queries are expressed in diamonds.

Dashed lines indicate processes affected by temperature or exposure to toxicant.

by density-dependent mortality. Model runs at one-day time step
starting on January 1 and running for 4 years (365 days each).
Environmental seawater temperature is updated at each time step
according to an external time series based on real observations. The
exposure to the toxicant is also given by an external series in which
the toxicant concentration and time of exposure are defined accord-
ing to different scenarios. The transitional population dynamics
influenced by the initial conditions, corresponding to the first year,
were excluded to avoid skewness in the output analysis.

2.2.3. Process overview and scheduling

At each one-day time step, the state variables of each individual
of the initial population matrix are updated according to the four
submodels based on sequence of logical queries (Fig. 1): mortality
(including background, density-dependent and toxicant-induced
mortality), motion (random movement within the grid), repro-
duction (determination of the brood size in mature females and
hatching of any ready-to-hatch embryos in the brood pouch), and
growth (increase in age and length). Reproduction and growth are
influenced by environmental external factors (temperature).

2.2.4. Design concepts

2.2.4.1. Emergence. Population dynamics (size and structure over
time) emerges from the individual life-history (mortality, growth
and reproduction)and its interaction with temperature, and aniline
concentration and exposure time.

2.2.4.2. Interaction. Three types of individual interaction are
included in the model: interaction of individuals with the environ-
mental seawater temperature, interaction of individuals with other
individuals through density-dependent mortality, and interaction
with the pollutant (aniline) concentration and exposure time. In
the latter case, the interaction with aniline is given by a toxicity-
induced mortality and toxicity-induced reduction of newborns,
both obtained from dose-response functions empirically derived
from a laboratory bioassays (see Subsection 3.3).

2.2.4.3. Stochasticity. Inorder to attain variability amongst individ-
uals, some parameters are randomly drawn from uniform probabil-
ity distributions (when values are given in a minimum-maximum
range) or from normal distributions (when parameters are given
as mean and standard deviation). Stochasticity is also included in
empirically-obtained equations by adding a variation term from a
normal distribution of mean zero and standard deviation equal to
the residual standard error of the linear regression in each case.

2.2.4.4. Scheduling. The sequence of the processes is given in Fig. 1.
At the onset of a new time step, the individual mortality is deter-
mined based on their age, the local density of individuals in the
cell they are allocated, and the toxicant exposure (submodel mor-
tality). Then, individuals move randomly in the grid so new local
densities are calculated (submodel motion). After that, the brood
size is attributed to non-gravid mature females that already over-
come the between-broods interval. If any ready-to-hatch females
are present, then the new juveniles are added to the population
(submodel reproduction). Finally, individuals increase their age
and length (submodel growth). The order of the submodels in the
sequence did not alter the results (data not shown).

2.2.4.5. Observation. The model yields the population size (total,
adults, and juveniles) and individual density (ind m~2) over time
and their distribution in the spatial grid. Coefficient of variation (%)
of population size from different stochastic runs of the model is
also determined. The population growth over time is interpreted
according to the empirical increase, decrease or extinction of the
population during the simulations.

2.2.5. Initialisation

Initial population in the model is based on field observations.
A two-year field survey of G. locusta in Sado Estuary (Portugal,
Costa and Costa, 1999) recorded a low density of individuals (both
females and males <20 ind m~2) in the first two months of the year,
for which population structure was not defined. The mean percent-
age of juveniles along the whole sampling time was 40.5 + 19.3%,
with a minimum value of 3.5% in June and a maximum of 62.1%
in July. In January, size classes for juveniles ranged from 4 to
6 mm and for adults from 7 to 9mm (Costa and Costa, 1999). The
model is initiated in January with an initial female population of
10ind m~2, including 40% of juveniles, randomly assigned in the
spatial grid. Size classes for adults are uniformly distributed in the
range 7-9 mm and for juveniles in the range 1-6 mm. For each repli-
cate run of the model, the number of individuals and the proportion
of juveniles are the same, but their sizes and positions may differ
due to stochastic processes.

2.2.6. Input data

The time series of water temperature was obtained for the
Mondego estuary (Portugal) in 1995 (Maranhdo et al., 2001),
which is relatively close to the Sado estuary, from which field
data of G. locusta is available (Costa and Costa, 1999). The time
series consisted of monthly averaged water temperatures, so daily
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temperatures were obtained by linear interpolation from the two
closest values in time. Exposure to aniline is given by an external
time series according to the different scenarios of concentration
and exposure time (see Subsection 2.6).

2.2.7. Submodels

Here, we present the most important processes of the submod-
els, whereas the full description is given in the Supplementary
material. The background mortality of G. locusta is given by an
exponential function of abundance with time from laboratory
observations, obtaining a maximum lifespan of 153 days for 90%
of the population, in accordance with lifespan ranges reported
for this species (112-154 days, Neuparth et al., 2002). Density-
dependent mortality refers to mortality due to crowding effects
and cannibalism, and it is a linear function of local density which
is calculated as the sum of individuals in each cell at each time
step. The toxicant-induced mortality is assessed in this model by a
concentration-effect function empirically obtained from laboratory
assays in which individuals are exposed to different concentra-
tions (ugL~1) and mortality rate is measured at different times
during the exposure period (days). This function determines the
probability of dying for a given concentration (see Subsection 2.5).
Individual growth (increase in length) is given by the Von Berta-
lanffy growth equation, corrected by a temperature factor. The
submodel reproduction determines which females reproduce, the
brood size (as a power function of body length) and the occur-
rence of hatching based on the temperature-dependent embryonic
development. Half of the newborns in a hatch event are added to
the population (i.e. only females considering a sex ratio of 1) and
they are randomly and uniformly allocated in the grid. The number
of released newborns is affected by the toxicant through a dose-
response function (see Subsection 2.5). After hatching, females pair
again after a lapse of time (after moulting). All parameters used in
the model are described in Table 1.

2.3. Model validation and sensitivity analysis

For model validation, 5 stochastic model simulations were car-
ried out with the same set of parameters. After exclusion of the
transitional population dynamics (first year), simulated density of
individuals was compared to field observed density using an inde-
pendent inventory of monthly population density of G. locusta in
the Sado estuary (Portugal) in 1995 (Costa and Costa, 1999). Since
the model only considers females, the simulated density was dou-
bled (sex ratio of 1:1) to obtain the total population density and
compare it with the observed data. The goodness of fit between
simulated and observed density was assessed by linear regression,
so that a slope equal to 1 and intercept equal to 0 indicate a full
match between observed and simulated values.

Sensitivity analysis aims to identify which parameters are the
most influential in controlling and structuring the population
dynamics of G. locusta. Each parameter (reference value) was indi-
vidually changed by +10% while keeping the remaining parameters
with the reference value. For each parameter, the model was run 5
times for its reference, increased and decreased values. The sensi-
tivity (S* and S~) was then calculated as the relative change in the
population annual mean density to the relative change in parame-
ter change (10%).

2.4. Chronic bioassay

Individuals of G. locusta were exposed to aniline in a chronic
bioassay during 25 days based on Neuparth et al. (2014a,b);
Neuparth et al. (2014a,b). Individuals were obtained from a contin-
uous culture maintained at the Interdisciplinary Centre of Marine
and Environmental Research (Porto, Portugal). The culture is

partially renewed once a year by introducing specimens collected
from a clean site in Sado estuary, Portugal (Neuparth et al., 2002).
The animals in the culture were fed with Ulva sp. that, along with
seawater, sediments, and small stones were, collected from coastal
areas near Porto, Portugal, in a site without direct contamination
sources. Juvenile amphipods (2-4 mm length and 3 weeks old),
born within the culture, were selected for the bioassay, thus, mak-
ing sure that the individuals had not been previously exposed to
aniline or to any other contaminant. They were allocated to 5-L
glass aquaria with aerated filtered natural seawater at 20-21°C
and salinity 33-35 under a 12 h photoperiod, with a 1 cm deep layer
of natural sediment and small stones to provide shelter. Organisms
were fed with the macroalgae Ulva sp. on an ad libitum basis, assur-
ing that food was never in shortage. The water of each aquarium
was renewed daily. Test chambers were inspected daily for aeration
and feeding requirements. In a first exploratory trial, amphipods
were exposed to six aniline concentrations (0.5, 2.5, 10, 50, 100
and 300 g L~1) plus control (seawater), obtaining lethal effects in
a short period of time at the highest concentrations: 12 h for the
300 wgL-1, 7 days for the 100 and 50 pgL~!, and 9 days for the
10 wgL~1. Therefore, only the two lowest concentrations (nomi-
nal concentrations: 0.5 and 2.5 ugL~!) were used in the chronic
assay plus the control treatment, with three replicates each. These
treatments are in the range of environmental concentrations found
in aquatic systems (European Commission, 2004; Okumura et al.,
1996). An aniline stock solution was prepared in distilled water
aliquoted and stored at —20°C. At each water renewal, the final
aniline concentrations were re-established. One aliquot of the stock
solution was employed and serially diluted to achieve the aniline
final concentrations in each aquaria. Survival (percentage of alive
individuals) and number of hatched newborns were monitored
three times over the assay period (days 11, 18 and 25) and, addi-
tionally, brood size (number of embryos carried by female) and
body length (mm) were measured at the end of the experiment
(day 25).

Data from each studied endpoint at the individual level were
first checked for normality (Kolmogorov-Smirnov test) and homo-
geneity of variance criteria (Levene’s test), and subsequently
assessed by a one- or two-way ANOVA to determine if dif-
ferences in responses between exposed and control organisms
could be attributed to the exposure to aniline. When differ-
ences amongst treatments were found, homogenous groups were
obtained from Tukey’s multiple comparisons tests. Significance
level was set at 0.05 for all statistical tests. Data analysis was
done using R programming language R 3.0.2 (R Core Team,
2013).

2.5. Incorporation of toxicity data in the model

Experimental data on effects of aniline on G. locusta obtained
from the chronic bioassay (Section 2.4) were used to model
dose-response functions at the individual level for mortality and
production of newborns by females. First, the toxicant-induced
mortality, given as the probability of dying at a given concentration,
was modelled as a sigmoidal function of the concentration of aniline
and the exposure time. The function parameters were obtained by a
binomial regression analysis. Second, the effects of aniline exposure
on newborn production was modelled by a power function. The
function parameters were obtained by linear regression analysis
on logqg-transformed data. To construct this dose-response curve,
newborn production values for different treatments and replicates
were converted to proportion of the control value, so the response
in the dose-response function was displayed as the reduction in
newborn production in comparison to the control group, at a given
aniline concentration.



Table 1

Model parameters and sensitivity analysis. S: whether parameter accounts for stochasticity or not (y: yes, n: not). Q: estimated quality of the empirical knowledge used to set the parameter value: 1 for low certainty (value taken
from similar Gammarus species), 2 for medium certainty (value taken for G. locusta but with some degree of uncertainty), 3 for high certainty (value taken for G. locusta supported by laboratory and/or field observations). Relative
change in mean annual abundance after parameter change by £10% (S* and S-) are given from the sensitivity analysis. A value of 1 means that the corresponding model output has changed by 10%. Sensitivities larger than or
equal to 1.12% are shown in bold, meaning a change in the model output greater than the coefficient of variation of the baseline model.

Parameter Definition Units Reference value S Q Source +10% value -10% value S+t S-

m Daily background mortality probability day~! 0.015+0.001 y 2 [1] 0.0165 0.0135 -0.5 -0.1

my Density-dependent mortality probability m?ind~'day! 0.0001 n 1 [2] 0.00011 0.00009 -14 +1.1

d Total daily distance in the spatial grid m 1+1 y 1 [3] 1.1 0.9 0 0

Liat Length of maturation mm 7 n 3 [4] 7.7 6.3 -23 +2.2

by Parameter brood size equation - -1.328 n 3 [1] —1.4608 -1.1952 0.8 +1.2

by Parameter brood size equation - 2.848 n 3 [1] 3.1328 2.5632 +2.2 -2.2

bs Parameter brood size equation - 0.1647 y 3 [1] 0.18117 0.14823 +0.2 -0.9

dy Parameter brood development time equation - 9.857 n 2 [1] 10.8427 8.8713 -9.9 +7.5

dy Parameter brood development time equation - —2.409 n 2 [1] —2.6499 -2.1681 +4.2 -7.9

S1 Parameter embryo survival equation - 75.99 n 1 [6] 83.589 68.391 +0.3 -1.5

Sz Parameter embryo survival equation - -043 n 1 [6] -0.473 -0.387 +0.3 +0.9

S3 Parameter embryo survival equation - 15 n 1 [6][7] 16.5 13.5 +1.0 -1.9

Lini Length at birth mm 1-1.5 y 3 [1] 1.1-1.65 0.9-1.35 -0.1/0.0 -0.3/-0.3
Thet Time between broods day 2-3 y 1 [8]19] 2.2-33 1.8-2.7 +0.1/+1.1 +0.3/+1.3
Lmax Maximum body length for females mm 14.59 n 3 [1] 16.049 13.131 +4.1 -4.0

r Individual growth rate day! 0.012 n 3 [1] 0.0132 0.0108 +2.6 -3.0

Topt Optimum temperature for growth °C 20 n 3 [1] 22 18 +0.4 -1.8

Tiax Maximum temperature for growth °C 24 n 2 [4] 26.4 21.6 +1.3 -4.9

Timin Minimum temperature for growth °C 11 n 2 [4] 121 9.9 -1.5 +1.9

[1] Neuparth et al. (2002), [2] Van den Brink et al. (2007), [3] Elliott (2003), [4] Costa and Costa (1999), [5] Welton and Clarke (1980), [6] Pockl and Humpesch (1990), [7] Neuparth (1999), [8] Sutcliffe (2010), and [9] Iribarne et al.
(1995).
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Fig. 2. Simulated density of amphipod Gammarus locusta for a year.

2.6. Exposure scenarios and analysis of time to recovery

Ten aniline exposure scenarios were defined by the full com-
bination of two concentrations (0.5 and 2.5 ugL~1) and different
exposure times (5, 10, 15, 20, and 25 days), plus the reference
or zero-toxicant scenario. These times of exposure were selected
based on the persistence (half-life) of aniline, which is ca. 15 days
(Cunha and Santos, 2013). Exposure to aniline was initiated on the
first day of the year and the population was simulated for 3 years,
using 5 stochastic model runs for each scenario.

The return capacity of the population to a pre-disturbance state
was taken as the time to recovery by comparing population density
in a given toxicant scenario with the non-toxicant scenario, which
represented the baseline population state. The time to recovery
was defined as the time elapsed from the day after the toxi-
cant exposure until the day on which population overtakes 98%
of the baseline density during 5 consecutive days, i.e. the condi-
tions that would have prevailed in the absence of the disturbance.
This percentage was chosen considering the coefficient of variation
of the mean annual abundance simulated with the model. Time
to recovery for each scenario was given as the average for the 5
stochastic simulations. It is important to notice that, as a conse-
quence of the definition of time to recovery in this study, even

when post-disturbance population density is within 2% of varia-
tion in comparison to the baseline model, the obtained time is 5
days.

3. Results
3.1. Baseline population model and validation

The agent-based model of G. locusta was implemented with
an initial population density of 10 females m~2, 40% of them
being juveniles. The simulated population reached an abundance
peak during late spring and summer, with densities close to
1000ind m—2 (Fig. 2). Adults reached two peak densities: in mid-
late spring (80ind m~2)and in early-mid winter (65 ind m~2), while
maximum of juveniles was reached during summer (Fig. 2). The
coefficient of variation of mean annual abundance calculated for
the 5 simulations was 1.12%.

Simulated density of individuals was compared to field observed
abundance of G. locusta in the Sado estuary (Portugal) in 1995
(Costa and Costa, 1999). A significant regression between simu-
lated and observed abundances was obtained (R? =0.438, p <0.05,
df=10, Fig. 3), although the intercept was significantly different
from zero (371, 95% confident interval 195-546), indicating that

Table 2
ANOVA table for effects of aniline on individual endpoints of amphipod Gammarus locusta.
Source df SS MS F p
Brood size Treatment 2 915 457 0.186 0.831
Residuals 37 91066 2461
Survival Treatment 2 0.4650 0.2325 33.76 <0.001
Time 1 0.5371 0.5371 77.98 <0.001
Residuals 32 0.2204 0.0069
Newborn production Treatment 2 43228 21614 115 <0.01
per female Residuals 6 11281 1880
Body length (females) Treatment 2 3.55 1.776 1.639 0.205
Residuals 49 53.11 1.084

Table 3
Regression coefficients for the dose-response functions built on the results from the bioassay of exposure of amphipod Gammarus locusta to aniline during 25 days.
Estimate Standard error Statistic p

Multiple logistic regression for toxicant-induced mortality (R? =0.86)
Intercept —4.308 0.351 Z=-12.262 <0.001
Concentration (pugL™") 0.579 0.094 Z=6.171 <0.001
Time of exposure (days) 0.104 0.015 Z=6.854 <0.001
Simple linear regression on log;o-transformed data for reduction of newborn production (R? =0.58)
Intercept -0.014 0.218 T=-0.064 0.951
Logio(concentration [gL=']+1) -2.311 0.661 =-3.499 <0.01
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Fig. 3. Linear regression (solid line) between simulated and observed density of
Gammarus locusta over a year (observed data from Costa and Costa, 1999). Dashed
line (1:1) indicates hypothetical full match between simulated and observed values.

the model overestimate the population. However, the slope was
not significantly different from the unit (0.731, 95% confident inter-
val 0.147-1.314), indicating that the model simulates satisfactorily
the patterns of population dynamics (peak of maximum abundance
and seasonal changes) over the year.

3.2. Model sensitivity analysis

Mean annual density was highly affected when density-
dependent mortality, reproduction-related parameters (length
of maturation, brood size parameters, brood development time
parameters), and growth-related parameters (individual growth
rate, maximum body length, and temperature for growth) were
altered (Table 1). Some of these parameters had previously been
sorted in the group of parameters with high or medium uncer-
tainty (Table 1): parameters of the function determining brood
development time given the temperature (sensitivities up to 9.9%),
the density-dependent mortality (up to 1.4% of change), and the
parameters of the growth equation as a function of tempera-
ture (sensitivities up to 4.9%). The percentage of change in the
rest of the parameters was smaller than the coefficient of vari-
ation (1.12%) of the mean annual abundance, so we considered
that the observed changes in the sensitivity analysis fall into the
baseline variability of the model output, so the changes are not
significant.

3.3. Aniline effects on individuals and toxicity functions for the
model

After a 25-day exposure, body length of exposed individuals did
not differ from those in the control (Table 2). However, significant
differences were found in individual survival amongst the control
and the treatments, with 77% and 49% of survivorship in the 0.5
and 2.5 ugL-1, respectively (Fig. 4a and Table 2). Brood size did
not differ amongst control and exposure treatments (Fig. 4b and
Table 2), although total newborn production per female during the
exposure period was reduced by 87% at the highest concentration
treatment (2.5 wgL~1) (Fig. 4c and Table 2). This means that the
brood size was irresponsive to aniline exposure but that the post-
hatching survival of embryos was severely affected.

Toxicity functions for the population model were built with the
bioassay results. Reduction in the production of newborns was

1.0 (a)

0.9
0.8 - : |

0.7 A

Survival

0.6 1 — Control
--05puglL"’

0.5

I
0 10 20 30
Time (days)

150

100 A

50 A

Brood size (embryos fem™)

T T T
Control 0.5pglL* 2.5puglL?

(c)

100 ab

. i

I 1 1
Control 0.5pgL* 2.5puglL?

Newborn production (fem™)

Aniline Treatments

Fig. 4. Effects of 25-day exposure to aniline on survival and reproductive endpoints
(brood size and cumulative newborn production) of amphipod Gammarus locusta.
Lowercase lettering on lines or bars indicates significant differences amongst groups.

modelled as a negative power function of aniline concentration
(Fig. 5a and Table 3) and mortality was modelled as a logistic
function of aniline concentration and time of exposure (Fig. 5b
and Table 3).
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and exposure time.

3.4. Aniline effects on population and time to recovery

The effect of exposure to aniline was simulated by combining
two concentrations and five exposure times. After exposure to ani-
line, a sharp drop in population abundance was observed followed
by a linear increase in the abundance for the lowest concentration
and short exposure time scenarios, and by an exponential growth
for the scenario of the highest concentration and longest expo-
sure time (Fig. 6). Abundance of impacted populations overtook the
baseline abundance after recovery on two occasions, with subse-
quent abundances matching the baseline (Fig. 6). A time to recovery
of less than one month was estimated for scenarios of exposure to
an aniline concentration of 0.5 pg L~ during 5 and 10 days (Fig. 7).
For the remaining scenarios, the time to recovery increased linearly
with exposure time until 15 and 20 days for concentrations of 0.5
and 2.5 pg L. The longest time to recovery was 456 + 5 days after
a25-day exposure to an aniline concentrations of 2.5 wg L~ (Fig. 7).

4. Discussion

Our main objective was to design and implement a population
agent-based model for the marine amphipod G. locusta, as a basis for
ecological risk assessments of chemical pollutants impairing life-
history traits at the individual level. We further used the model
to assess the effects of chronic toxicity by aniline (a priority HNS)
on the amphipod population using empirically-built dose-response
functions derived from a chronic bioassay. We observed chronic
adverse effects in G. locusta at the individual level in reproduc-
tive performance, with a sharp reduction of newborn production,
and also a significant toxicant-induced mortality. The coupling
of population modelling with toxicological data from the chronic
bioassay allowed the projection of the ecological costs associated
with exposure to aniline that might occur in wild populations.
Model simulations with different scenarios indicated that even low
level prolonged exposure to the HNS aniline can have a significant
long-term impact (>1 year) on population abundance of G. locusta,
before the impacted population returns to levels that would have
prevailed in the absence of chemical disturbance.

4.1. Agent-based model of G. locusta population dynamics

Population abundance in our model is an emergent prop-
erty of the modelled interactions between individuals and water

temperature (interaction at the reproduction and growth levels),
and amongst individuals (density-dependent mortality). The model
output matched well with the population data reported by Costa
and Costa (1999) under field conditions (Fig. 2), simulating seasonal
changes in population density over the year. However, total density
was overestimated by the model, as occurred in a similar agent-
based model of a freshwater amphipod (Galic et al., 2014). Model
limitations, such as accounting for natural predation, cannibalism-
related issues (more accurate rates for this species or effects of
patchy distribution), and, particularly, dependency on algal cover
(which acts both as shelter and food availability) could explain this
mismatch. In fact, seasonality of G. locusta abundance in Portuguese
coast showed a strong coupling with algal density, mainly Ulva spp.
(Costa and Costa, 1999). Our model, albeit considering unlimited
resources for growth, is sufficiently sensitive to translate effects at
the population level based on individual endpoints.

The mean annual abundance in the model was sensitive to
changes in parameters related to mortality, individual growth,
and brood development, which is in accordance with previous
amphipod models, where changes in mortality probability, fecun-
dity (brood size) and recruitment-related parameters, resulted in
large changes in the population abundance (Anastacio et al., 2003;
Coulaud et al., 2014; Galic et al., 2014; McGee and Spencer, 2001).
The modification of the parameters in the sensitivity analysis may
also represent the likely effects of exposure to toxic chemicals
on individuals. Thus, it can be used to discuss the extrapolation
of observations from the individual to the population level. Our
results indicate that the pollutants that potentially affect mor-
tality, individual growth, brood size or brood development time,
could have high negative impacts at the population levels, even
when changes in these endpoints are relatively small (i.e. 10%,
Table 1). Analysing the sensitivity of the model parameters can
also provide valuable insights in establishing the accuracy at which
each parameter should be determined, due to their high influ-
ence in the model predictions (i.e. the higher the sensitivity, the
higher the accuracy should be). In particular, further research effort
should focus on those parameters with high sensitivity and high
uncertainty in their reference values (i.e. little information from
which to estimate their values). These parameters deserve special
attention as calibration parameters and as targets of empirical
research to reduce their uncertainty and, consequently, the uncer-
tainty of the model results for ecological risk assessments. In our
model, we highlight this attention towards parameters related to



68 C.B. de los Santos et al. / Aquatic Toxicology 163 (2015) 60-70

100 T = S e e AN e s s N A NN St AN et =
()]
50 - <
0.5ug L™
—25ug L’
0
100 4 - 5ms - -
S
50 o
0
S _
E\ —
g o
o o
[&]
Q
o
N
o
o
\}
(&)
o
0

I I
0 200 400

1 1 I
600 800 1000

Times (days)
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the temperature effect on the brood development time (sensitivi-
ties up to 9.9%) and individual growth (sensitivities up to 4.9%), and
the density-dependent mortality (up to 1.4% of change).

4.2. Individual and population effects after chronic exposure to
aniline

Chronic toxicity bioassays provide a more realistic representa-
tion of the type of exposure expected in environmental situations
after chemical spills where there are low dispersion rates (e.g.
some nearshore locations), where there is a continuous leakage of
the chemical or the chemical is relatively persistent. We observed
chronic adverse effects in G. locusta at the individual level in repro-
ductive performance of females exposed to low concentrations of
aniline, with a sharp reduction in the newborn production, but
not in the brood size. Individual growth and sex-ratio of G. locusta
exposed to the HNS p-xyleno were also impaired in a similar chronic

bioassay (Neuparth et al., 2014b), showing the sensitivity of this
species to diverse HNS. Reproduction impairment due aniline toxi-
city has been previously reported for freshwater Crustacea Daphnia
magna (Abe et al., 2001; Kiithn et al., 1989) and acute toxicity shown
for sand shrimp Crangon septemspinosa (McLeese et al., 1979). This
shortage in juvenile recruitment and the toxicant-induced mor-
tality imply severe costs at the population level, as shown when
toxicity data were introduced into the model and upscaled to the
population level. The simulations under different scenarios indi-
cated that even low level prolonged exposure to aniline can have
significant long term impacts to population abundance of marine
organisms. Experimental data on long-term effects of aniline on
amphipods are absent, so further investigations using long-term
mesocosm studies are needed to reinforce the results derived from
this study, including multi-generational effects. Since the exposure
to aniline was initiated at the onset of the year in the simulated sce-
narios, i.e. when abundance is at the lowest values, the estimated
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times to recovery could reflect the worst case. However, this cor-
responds to the most probable scenario since the majority of spill
incidents occur during winter due to bad weather or sea condi-
tions. The same magnitude of disturbance at different periods of
the year, especially during the peak of maximum abundance, is
likely to reduce the negative impacts on the amphipod population.
To increase the model robustness in predicting times to recov-
ery of natural populations after exposure to aniline, the modelled
patterns should be compared with real scenarios caused by spills
or from long-term, low-level aniline-addition experiments in con-
trolled mesocosms. Other applications of the model on the effects of
environmental disturbances on estuarine biota may include scenar-
ios of acute toxicity (Neuparth et al., 2014a). In addition, scenarios
of multiple stressors could be interesting, since the natural popula-
tions are normally exposed to local (e.g. spills) and global pressures
(e.g. warming or acidification). The co-occurrence of environmen-
tal stress can have unexpected synergistic or antagonistic overall
effects. For instance, simulations of water temperature modifi-
cations have been reported to affect the population abundance
(Galic et al., 2014), given the sensitivity of amphipod growth and
reproduction rates to temperature. The co-existence of chemical
pollution and eutrophication could be another interesting scenario,
since eutrophication-induced changes in benthic algae may lead to
a G. locusta population increase (Kraufvelin et al., 2006). Finally,
the coupling of the present ecological model with a spill trajec-
tory model in which concentration over time and space is predicted
based on local conditions and physical-chemical properties of the
toxicant (e.g. half-life, fugacity, persistence, solubility, density),
could be a powerful tool in predicting in a more realistic way the
effects of chemical spills on estuarine biota and to estimate the
times to recovery to pre-disturbance conditions. Regarding eco-
nomic concenrs in the sequence of a spill, the model may be helpful
for calculating claim compensations; in the way it allows to calcu-
late time torecovery of a sentinel organism population (Cunhaetal.,
2014).

5. Conclusions

The model we implemented for an organism widely studied in
ecotoxicology may be used to project the ecological costs associ-
ated with exposure to environmental stressors, such as chemical
pollutants, forming the basis for predicting what effects might be

occurring in wild populations. If our study reflects a real case sce-
nario, the impairment produced by aniline at the individual level
would lead to important impacts on G. locusta natural populations.
Such findings highlight the value of population modelling in risk
assessment and reinforce the need for remedial action to minimise
the likely long-term chronic effects on the marine environment
following a HNS incident.
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