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Abstract 

Metal bioavailability plays a pivotal role in determining the toxicity of silver (Ag) to freshwater fish, such as rainbow trout 
(Oncorhynchus mykiss). The current study builds on an existing sodium balance model, a physiological extension of biotic ligand mod
els (BLM). This model mechanistically describes the impact of Ag on Na ionoregulation in rainbow trout and predicts lethal effects 
under various Ag bioavailability conditions. However, broader implications of Ag toxicity on fish populations and its differential 
effects across life stages remain underexplored. First, the original extended BLM was improved to account for realistic variability in 
observed lethal responses of rainbow trout exposed to Ag. Next, a data-driven approach, based on relative survival fractions, was 
used to account for early life stage (ELS) toxicity. Finally, the physiologically extended BLM approach was integrated into an 
individual-based model framework to predict environmentally realistic effects of Ag on trout populations (abundance/biomass). 
Predictions indicate that ELS mainly influence trout population effects (decreased abundance/biomass) when exposed to silver, while 
effects on adults or juveniles are less critical for population persistence. Juveniles and adults are affected by higher Ag concentra
tions than embryos and larvae, suggesting greater sensitivity of ELS. Therefore, future development of BLMs for fish should prioritize 
early life stages to improve understanding of Ag toxicity and its impact on fish populations. This aligns with the goal of reducing ani
mal testing. The presented framework addresses knowledge gaps in ecological risk assessment of Ag on freshwater fish, integrating 
various modeling approaches—including a physiologically extended BLM—to predict Ag effects on rainbow trout populations.
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Introduction
Toxicity of metals, such as silver (Ag), to freshwater fish depends 
on the physicochemical parameters of the receiving water body 
(McGeer et al., 2000). Water quality criteria for metals are there
fore expressed in reference to physicochemical characteristics, 
such as water hardness, dissolved organic carbon (DOC), or pH 
(EU Water Directors, 2018; European Commission, 2003). This has 
led to the development of bioavailability models, such as the 
Biotic Ligand Model (BLM), which describe the relationship be
tween water quality characteristics, metal bioavailability, and 
their toxic effects to specific organisms (Di Toro et al., 2001).

Biotic Ligand Models allow for the calculation of interactions 
between water chemistry and metal toxicity. One of the assump
tions of the BLM is that the free metal ion binds to the biotic li
gand (BL) after which it can exert toxic effects. For freshwater 
fish, it is generally assumed that metals bind to the gills, that is, 
the membrane separating the water phase and the organism’s in
ternal vascular system (Webb & Wood, 1998; Wood et al., 1996). 
For Ag, accumulation at the gill leads to disruption of ionoregula
tion (Webb & Wood, 1998). This disruption due to Ag exposure 
can have lethal consequences for freshwater fish: Ag accumula
tion at the gill disrupts the uptake of sodium (Na) from the 

environment into the plasma, which leads to a reduction in 
plasma volume due to osmosis. This eventually leads to hemo

concentration in the vascular system, which increases in blood 
pressure and blood viscosity, and results in cardiovascular fail

ure and, ultimately, death of the organism (Wood et al., 1996).
Paquin et al. (2002) developed a physiologically based model 

(“Sodium Balance Model” [SBM]) to further disentangle the rela

tionship between water physico-chemistry, metal accumulation 
at the gill, and disruption of ionoregulation in freshwater fish. 

The SBM—a physiological extension of BLM—describes a mecha
nistic and mathematical relationship between Ag accumulation 

at the biotic ligand (as calculated with the BLM) and physiological 
regulation of the Na metabolism in rainbow trout (Oncorhynchus 

mykiss). The predicted endpoint of the extended BLM framework 
is the median survival time of the population (ET50; the time it 

takes for 50% of the population to die due to exposure to a spe
cific Ag concentration). Combining both biotic ligand modelling 

and physiological modeling, the physiologically extended BLM 
framework allows predictions of rainbow trout survival exposed 

to Ag under different physicochemical conditions.
Rainbow trout is sensitive to Ag toxicity (Arijs et al., 2021; 

Davies et al., 1978, 1998). Although the physiologically extended 
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BLM can mechanistically explain toxicity of Ag to rainbow trout, 
some data gaps remain. A first uncertainty is the potential differ
ence in sensitivity to Ag between different life stages. The ex
tended BLM from Paquin et al. (2002) was developed to predict 
effects of Ag on the ionoregulation of sodium in juvenile and 
adult rainbow trout. However, standard toxicity tests on fish 
nowadays often use cell lines or early life stage (ELS) animals 
(i.e., embryo and larvae) to assess ecotoxicologial effects (e.g., 
Organisation for Economic Co-operation and Development 
[OECD], 2019). Using adult animals for vertebrate testing is dis
couraged due to ethical and animal welfare considerations. 
Currently, there is thus a discrepancy between the available tox
icity data for rainbow trout on ELS and the predictions of the ex
tended BLM for juveniles and adults. Embryos and larvae of 
rainbow trout have a significantly different physiology than juve
nile or adult life stages. An important factor is the development 
of the gills, which is incomplete in embryos and larvae (Gonzalez 
et al., 1996). Additionally, there are different Ag effects on ionore
gulation between life stages (Brauner & Wood, 2002). These phys
iological differences and potential contrasts in biotic ligands 
between life stages suggest that the extended BLM developed for 
juveniles and adults cannot be used without verification to pre
dict toxic effects of Ag for the earlier life stages of rainbow trout.

This assumption of different toxic mechanisms of Ag for the 
different life stages of freshwater fish should be assessed by com
paring the sensitivities across life stages under comparable phys
icochemistries. Additionally, there is discussion on the ecological 
relevancy of effects at different life stages in terms of their conse
quences at the population level (Janssen et al., 2024). Currently, 
the physiologically extended BLM only considers effects on juve
nile and adult rainbow trout. For assessment of the relevancy of 
effects at different life stages for rainbow trout survival, an inte
grated approach needs to be considered at higher levels of orga
nization, such as extrapolating effects to the population level 
(e.g., effects on population abundance or biomass). Such inte
grated assessment can be achieved with individual-based model
ling (IBM), which can accurately predict population dynamics of 
fish in the environment (Railsback et al., 2009).

The ET50 has limitations when it comes to prediction and ex
trapolation to different exposure durations, to different effect 
percentages, or across levels of biological organization. The ET50 
predicted by the SBM represents the timepoint where 50% of the 
individuals in a population survive at a specific Ag concentration. 
There is currently no mechanistic relationship in the SBM that 
allows to predict effects on survival, other than the median ef
fect, as a function of the exposure concentration and duration.

The reasons for the lack of mathematical extrapolation to 
other effect levels or exposure durations are model structure and 
the fundamental assumptions of the physiologically extended 
BLM. The core assumption of the extended BLM is that mortality 
occurs in rainbow trout when a threshold of 30% decrease in 
plasma Na is achieved (Paquin et al., 2002; Wood et al., 1996). 
The predictions of the extended BLM reveal an all-or-nothing re
sponse: either the 30% decrease in plasma Na is achieved and the 
organism dies, or the decrease is less than 30% and the individual 
survives. Paquin et al. (2002) have originally explained that the 
point where a 30% decrease in plasma Na is predicted, corre
sponds to a median survival time, that is, the timepoint where 
half of the population likely survives. There is thus a clear dis
crepancy between the deterministic threshold assumed in the 
extended BLM (i.e., 30% decrease in plasma Na is lethal) and the 
probabilistic endpoint that is predicted (i.e., probability of 50% 
survival within the population at a specific Ag concentration). 

Based on the available ecotoxicological data, however, variability 
on the lethal threshold of plasma Na decrease has been reported 
(McDonald et al., 1980; Webb & Wood, 1998). We argue that in
cluding variability on the threshold for effects in the extended 
BLM is necessary to reflect the natural variability that is observed 
in responses of rainbow trout to Ag exposure. Currently, this real
istic variability is lacking in the model developed by Paquin et al. 
(2002). In addition, further refinement of the extended BLM 
should allow for easier extrapolation to other effect levels and 
exposure durations, but also across levels of biological organiza
tion, for example, from the individual to the population level.

The goal of the current study was to use the physiologically ex
tension of the BLM from Paquin et al. (2002) combined with the 
Ag-BLM for rainbow trout (Paquin et al., 2000) and an IBM (Ayll�on 
et al., 2016) to compare sensitivities across different life stages 
and define the most sensitive and determining life stage for rain
bow trout population persistence under Ag exposure. Several 
steps were considered in the study. First, the extended BLM was 
refined to reflect variability in the lethal threshold using toxicity 
data on ionoregulation of rainbow trout. Second, a BLM approach 
was considered to normalize toxicity data of different studies and 
calculate the Ag accumulation at the biotic ligand under different 
physico-chemistries. Finally, an IBM framework was used to pre
dict the impact of Ag exposure on rainbow trout populations, to 
compare the impact of affected life stages. The InSTREAMgen 
model (Ayll�on et al., 2016) was used to predict population dynam
ics under Ag exposure. The refined physiologically extended BLM 
was embedded in the IBM to predict the impact on juveniles and 
adults. A data-driven approach was considered to predict the 
effects on ELS. The combined approach of BLM, the physiological 
extension of BLM, and IBM allows to mechanistically assess how 
physiological and toxicological processes of Ag exposure affect 
rainbow trout populations, and identify the life stage driving Ag 
effects on population abundance or total population biomass.

Material and methods
Modeling overview
The physiologically extended BLM (SBM) from Paquin et al. (2002)
predicts the ET50, which has some clear limitations, as argued in 
the Introduction. Here, we first refine the extended BLM, and in
clude a distribution on the lethal threshold for the percentage re
duction in plasma Na concentration. However, the refined BLM 
extension in itself cannot answer the more relevant (ecological) 
questions on the most sensitive rainbow trout life stage to Ag 
(under comparable physicochemical conditions) or the most de
termining life stage for rainbow trout population survival. For 
that, an integrated modeling approach is needed that includes 
effects on all life stages and provides an estimate for the impact 
on rainbow trout populations.

In Figure 1, an overview is provided of the modular design of the 
modeling framework developed in the current study to assess the 
relative impact of life stages on population survival under Ag expo
sure. Different “modules” are considered, comprising BLM modeling, 
the physiological extension of the BLM (SBM), and a data-driven ap
proach (i.e., the “relative survival fraction” [RSF]). Combining these 
modules allows for the prediction of effects on all life stages of rain
bow trout under specific water chemistry conditions. By combining 
these effects in an individual-based model (IBM) framework, which 
takes into account the life history of rainbow trout, the impact on 
the population can be predicted. The combination of BLM, the physi
ological extension (SBM), RSF, and IBM thus yields a holistic model
ing framework that predicts the effects of Ag on rainbow trout 
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populations for various endpoints (e.g., abundance, biomass, and 
size distribution; Janssen et al., 2021a).

Data on Ag toxicity to rainbow trout
The original SBM by Paquin et al. (2002) is based on physiological 
information on Ag toxicity to rainbow trout. Multiple data sour
ces were combined to calibrate and validate the model. For the 
current study, we further refined the extended BLM by using dif
ferent data sources for model refinement, validation (internal 
and independent), and scenario analysis (see Table 1).

To further refine the extended BLM, data from McDonald et al. 
(1980) and Webb and Wood (1998) were used. These studies inves
tigated the physiological effects of reduced plasma Na levels on 
the survival of rainbow trout, caused by low pH or exposure to Ag. 
Parallel measurements of plasma Na levels and rainbow trout 
mortality were used to derive a lethal threshold distribution. 
Based on both studies, observed lethal reductions in plasma Na 
levels varied between 7 and 40% (with a median value of 23%).

The data from McGeer and Wood (1998) as well as Galvez and 
Wood (1997) were used by Paquin et al. (2002) to validate the pre
dictions of the original SBM. The study of McGeer and Wood 
(1998) contains plasma Na measurements over time in four dif
ferent compartments in the organism that are considered in the 
extended BLM as well. These data were used to directly validate 
the model predictions of the plasma Na over time. In the current 
study, these data were used to internally validate the implemen
tation of the SBM equations in RStudio (RStudio Team, 2020; code 
provided in the online supplementary material Appendix). The 
data from Galvez and Wood (1997) contain measurements of the 
ET50 at different Cl and Ca levels (bioassays 1 and 2 mentioned 
in their study). These data were used by Paquin et al. (2002) to 
validate the ET50 predictions of the original SBM. In the current 
study, these data were used to compare the refined model predic
tions with observations of population ET50-values.

In a third bioassay performed by Galvez and Wood (1997), 
rainbow trout was exposed to different Ag levels. Mortality as a 
function of Ag was recorded, for which a dose-response curve 
(DRC) was established. The data from that experiment were not 
used for model calibration nor validation by Paquin et al. (2002). 
In the current study, these DRC data were used only in an inde
pendent validation step.

Finally, the data of Davies et al. (1978) were used for scenario 
analysis with the population model. This ELS toxicity test 
assesses the effects of Ag exposure on rainbow trout. A 10-week 
test was performed using freshly hatched rainbow trout larvae, 

which were exposed until the swim-up phase (i.e., after emer

gence until the early juvenile life stage). The exposure conditions 

mentioned in Davies et al. (1978) were used for scenario analysis 

with the population model (see further).

BLM
The original SBM of Paquin et al. (2002) used the Ag BLM devel

oped by Paquin et al. (2000) for prediction of concentration of Ag 

accumulated on the biotic ligand. As such, for the present study 

biotic ligand modeling was also conducted using the methodology 

proposed by Paquin et al. (2000), which was implemented in the 

software BLM Ver. 3.41.2.45. Biotic ligand stability constant and 

gill-site densities are reported in Table 2. For speciation calcula

tions, the amount of dissolved organic matter was assumed to be 

composed of 100% active substances, with 10% humic acid and 

90% fulvic acid (Windward Environmental, 2019). The Ag-BLM 

was used to translate dissolved Ag concentrations in exposure 

media to the concentration of Ag accumulated at the biotic ligand, 

expressed in nanomoles per gram wet weight (Ag: BL; nmol/gw).

Physiologically extended BLM
Original SBM (Paquin et al., 2002)
Paquin et al. (2002) developed the SBM, a physiologically based 

extension of BLM, that predicts the survival time of rainbow trout 

(O. mykiss) under Ag exposure. More specifically, their model 

describes an internal mass balance of sodium (Naþ) and how Agþ

interacts with Naþ-uptake at the gill. The extension is intrinsi

cally connected with a BLM, used to calculate the accumulation 

of Agþ at the biotic ligand, that is, the gill in case of fish. Silver ac

cumulation at the gill will decrease uptake of Naþ from the envi

ronment, leading to disruption of the internal Na balance.
The physiologically extended BLM from Paquin et al. (2002) con

sists of a set of four ordinary differential equations (ODEs) that de

scribe branchial ionoregulation, and how Na is distributed within the 

branchial cardiovascular system of the rainbow trout (Equation 1). 

Using these four ODEs, the extended BLM describes the Na balance 

in four internal compartments: the primary intravascular fluid vol

ume (IVFV1, with internal Na concentration C1), the secondary intra

vascular fluid volume (IVFV2, with C2), the interstitial fluid volume 

(with CIS), and the intracellular volume (with CIC). Deriviation of the 

differential equations of the SBM (Equation 1) can be found in the on

line supplementary material (Appendix, Section 2). Explanation of all 

state variables, parameters, their values, and units are found 

in Table 3. 

Figure 1. Concept map of the modular design of the integrated modelling framework. Note. Ag ¼ silver, BLM ¼ biotic ligand model, RSF ¼ relative 
survival fraction, SBM ¼ sodium balance model (i.e., a physiological extension of the BLM), IBM ¼ individual-based model. Silver (Ag) ecotoxicity data is 
normalized using the BLM. RSF is used to calculate embryo and larvae effects, whereas SBM is used for juvenile and adult effects. The IBM 
(InSTREAMgen) is used to predict effects on population dynamics.
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V1
dC1

dt
¼ J�M

Cw

CwþKM
� PG C1 � Cwð ÞþQ1;2 C2 � C1ð ÞþP1;IS CIS � C1ð Þ� PrC1

V2
dC2

dt
¼� Q12 C2 � C1ð ÞþP2;IS CIS � C2ð Þ

VIS
dCIS

dt
¼� P1;IS CIS � C1ð Þ� P2;IS CIS � C2ð ÞþPIS;IC CIC � CISð Þ

VIC
dCIC

dt
¼� PIS;IC CIC � CISð Þ

8
>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>:

(Eq.1) 

The maximum Na uptake rate JM is inhibited by Ag (Paquin 
et al., 2002). A two-parameter log-logistic equation describes 
the relationship between the inhibited maximum Na uptake 
rate (J�M in nmol � kgw � d

� �� 1) and the Ag concentration at the 
biotic ligand (BL: Ag in nmol gwð Þ

� 1) (Equation 2). The log-logistic 
equation has two parameters: the half maximum (50%) effect 
concentration (EC50 in nmol gwð Þ

� 1) and the slope (β, no units) 
of the curve. 

J�M ¼
JM

1þ e
lnBL:Ag� lnEC50

β

� � (Eq. 2) 

The predicted endpoint of the extended BLM is the ET50 or the 
50% survival time of the population exposed to a specific Ag con
centration (Equation 3). Due to Ag exposure, Na uptake is reduced 
(Equation 2), leading to a decline in internal Na concentrations in 
the four compartments described by Equation 1. This decrease in 
internal Na is lethal for rainbow trout once a threshold θ is 
exceeded. A decrease of 30% is associated (θ ¼ 30%) with lethal 
conditions for rainbow trout (Equation 3; Wood et al., 1996). 

Table 1. Overview of the different data sources used in the current study. Studies were selected based on reliability of the test results 
and specific requirements (Oncorhynchus mykiss). Distinction is made between studies used for calibration, internal validation, 
independent validation, and scenario analysis (extrapolation).

Data used for Source Type of data

Model calibration McDonald et al. (1980) Study investigating the influence of Ca on physiological response of rainbow 
trout to low pH. 

Data contain concurrent measurements of decreasing plasma Na concentrations 
and mortality in adult rainbow trout. 

Duration: 5 days 
Life stage: adult 
Conditions: low pH, soft and hard water 
Measurements: parallel measurements of plasma Na reduction and survival at 

different pH and Ca levels 
Webb and Wood (1998) Study on the analysis of stress associated with acute Ag exposure in rain

bow trout. 
Duration: 6 days 
Life stage: adult 
Conditions: exposure to AgNO3 

Measurements: parallel measurements of plasma Na reduction and survival at 
different Ag levels 

Internal validation McGeer and Wood (1998) Study investigating the protective effects of Cl on physiological responses to Ag 
exposure in rainbow trout. 

Duration: 48 h 
Life stage: juvenile 
Conditions: exposure to AgNO3 at different Cl levels 
Measurements: plasma Na over time at different Ag concentrations 

Galvez and Wood (1997) Study investigating importance of water hardness and Cl on acute toxicity of 
Ag to rainbow trout. 

Data from bioassays 1 and 2 
Duration: 7 days 
Life stage: juvenile 
Conditions: one Ag concentration, four levels of Cl or Ca 
Measurements: median lethal time (ET50) at different Cl or Ca levels 

Independent validation Galvez and Wood (1997) Study investigating importance of water hardness and Cl on acute toxicity of 
Ag to rainbow trout. 

Data from bioassay 3 
Duration: 7 days 
Life stage: juvenile 
Conditions: 5 Ag concentrations, constant Cl and Ca 
Measurements: survival at different Ag concentrations 

Scenario analysis Davies et al. (1978) Study investigating toxicity of Ag to rainbow trout embryo. 
Duration: 10 weeks 
Life stage: from hatching to swim-up 
Conditions: 5 Ag concentrations 
Measurements: survival at different Ag concentrations and different timepoints 

Table 2. Overview of parameters of the biotic ligand (BL) model of 
Paquin et al. (2000) used in the present study.

Parameter Paquin et al. (2000) Unit

Gill-site density 3.5 nmol=g dry wt
BL-Ag 7.3 logðL=molÞ
BL-AgCl 6.7 logðL=molÞ
BL-Ca 2.3 logðL=molÞ
BL-H 4.3 logðL=molÞ
BL-Na 2.3 logðL=molÞ
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ET50 ¼ f Agþ
� �

; θ;C1;C2;CIS;CIC
� �

(Eq. 3) 

The physiologically extended BLM was implemented in RStudio 
(RStudio Team, 2020). The code is available for download (see on
line supplementary material Appendix). All parameters and state 
variables from the model extension are reported in Table 3. 
Original parameter values calibrated by Paquin et al. (2002)
were used.

Refinement of the SBM
Paquin et al. (2002) assumed that a 30% decrease in plasma Na 
concentration is lethal for rainbow trout, based on evidence from 
physiological measurements of plasma Na reductions in relation 
to rainbow trout mortality (McDonald et al., 1980; Webb & Wood, 
1998; Wood et al., 1996). Despite giving evidence for the lethal 
reductions in plasma Na, no information is provided by Paquin 
et al. (2002) on the actual derivation of the strict threshold of 
30%. According to data reported by McDonald et al. (1980) and 
Webb and Wood (1998), there exists variability in the lethal 
threshold associated with reductions in plasma sodium lev
els (Table 4).

Our hypothesis is that the threshold of an individual in a pop
ulation of rainbow trout follows a specific distribution, for exam
ple, the normal distribution. The null hypothesis is that the 
individual threshold θi (in %) follows a normal distribution with a 
mean threshold μ and standard deviation σ (Equation 4). To assess 
normality, the Shapiro-Wilk test for normality was performed, 

using the shapiro.test() function in RStudio (2020). The raw meas

urements of McDonald et al. (1980) and Webb and Wood (1998)

were used, as these contain parallel measurements of plasma Na 

and mortality. The Shapiro-Wilk normality test demonstrated 

that the assumption of normality has not been violated 

(p¼0.6186). The mean threshold μ of the fitted normal distribu

tion is 25.6% and the standard deviation σ is 8.9% (see distribu

tion plot in online supplementary material, Appendix, Section 1, 

Figure S1). 

H0 : θi � N μ; σ2
� �

(Eq. 4) 

The refined model predicts individual survival times, that is, the 

timepoint where an individual with a specific threshold would 

die following Ag exposure. We now define the individual survival 

time Τi (in days) as a function of the Ag concentration, their indi

vidual threshold θi (in %; Equation 4), and their plasma Na concen

trations as predicted by the refined SBM (Equation 5). 

Τi ¼ f Agþ
� �

; θi;C1;C2;CIS;CIC
� �

(Eq. 5) 

Internal validation
The refined model was first internally validated by comparing 

predictions with those of the original model and the data from 

McDonald et al. (1980). The conditions mentioned by Paquin 

et al. (2002) were used to predict the Na levels in the different 

Table 3. Parameters and state variables of the physiological extension of the Biotic Ligand Model (Sodium Balance Model) for silver (Ag) 
toxicity to rainbow trout (Oncorynchus mykiss; Paquin et al., 2002). An asterix (�) indicates the value is case-specific (for parameters) or 
variable over time (for variables).

Parameter or state variable Symbol Value Unit

Sodium uptake kinetics parameters
Maximum Na uptake rate JM 12 nmol � kgw � d

� �� 1

Maximum Na uptake rate adjusted for Ag inhibition of JM J�M � nmol � kgw � d
� �� 1

Active Na uptake rate Ji � nmol � kgw � d
� �� 1

Half-saturation constant for Na uptake for gill KM 0.05 mM
Passive Na gill efflux Je � nmol � kgw � d

� �� 1

Passive Na renal efflux Jr � nmol � kgw � d
� �� 1

Fluid compartment volumes
Primary intravascular fluid volume V1 0.023 kgw

� �� 1

Secondary intravascular fluid volume V2 0.048 kgw
� �� 1

Interstitial fluid volume VIS 0.099 kgw
� �� 1

Intracellular fluid volume VIC 0.160 kgw
� �� 1

Fluid compartment sodium concentrations
External water Na concentration Cw 0.040 mM
Na concentration at initial condition Ci 138 mM
Primary vascular system plasma Na concentration C1

� mM
Secondary vascular system Na concentration C2

� mM
Interstitial fluid volume Na concentration CIS

� mM
Intracellular fluid volume Na concentration CIC

� mM
Permeability coefficients
Gill permeability of control fish PGo 0.0386 kgw � d

� �� 1

Gill permeability of treatment (exposed fish) PG
� kgw � d

� �� 1

Gill permeability factor fPG
� –

Lead coefficient in the expression for fPG a 3.09 � 10-4 –
Exponent for [Agþ] in the expression for fPG b 2.05 –
Exponent for [Ca2þ] in the expression for fPG c −0.22 –
Permeability between primary vascular system and the interstitial fluid compartment P1;IS 0.10 kgw � d

� �� 1

Permeability between secondary vascular system and the interstitial fluid compartment P2;IS 0.10 kgw � d
� �� 1

Permeability between the interstitial fluid compartment and the intracellular fluid 
compartment

PIS;IC 0.10 kgw � d
� �� 1

Renal loss rate permeability Pr
� kgw � d

� �� 1

Primary to secondary plasma skimming flow rate Q12 0.159 kgw � d
� �� 1

Sodium uptake inhibition dose-response parameters (2-parameter log-logistic relationship)
Dissolved silver in exposure water Ag � μg � L� 1

Biotic ligand silver, calculated with the BLM BL : Ag � nmol gwð Þ
� 1

BL: Ag associated with 50% inhibition in sodium uptake EC50 15.8 nmol gwð Þ
� 1

Slope of the dose-response curve for sodium inhibition β 0.278 –
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compartments over time, at different Ag concentrations. 
Predictions were assessed visually by plotting the refined ex
tended BLM predictions with the original predictions and the 
data from McDonald et al. (1980; see online supplementary mate
rial: Appendix, Section 1, Figure S2).

An additional internal validation was performed using the 
data from Galvez and Wood (1997). They reported ET50-values 
for different Ca levels. Their conditions were used to predict indi
vidual survival times using the refined extended BLM. The range 
of predicted survival times were plotted for the different Ca lev
els, together with the ET50 predictions from the original model, 
in addition to the measurements of ET50 values. The data at dif
ferent Cl levels from Galvez and Wood (1997) were not used be
cause there was more uncertainty on the physicochemical 
characteristics of the water for these treatments (i.e., Ca, Cl, Na, 
and Ag concentrations).

Independent validation
An independent validation was performed using the dose- 
response data from the third bioassay reported by Galvez and 
Wood (1997). Their DRC data were used to compare extended 
BLM predictions with a deterministic threshold (i.e., fixed to 30%) 
and with a probabilistic threshold (i.e., normal distribution on 
the threshold). Additionally, the variability of the maximum so
dium uptake (JM) was also assessed separately. The variability on 
this parameter that was originally reported in Paquin et al. (2002)
was used to assess the influence of this parameter on predicting 
acute 7-day dose-response relationships.

The dose-response relationship was replicated by simulating 
the 7-day test with the refined extended BLM. For each Ag con
centration, the percentage of surviving individuals was calcu
lated at Day 7 of the exposure. A Monte Carlo approach was 
used, using the refined model (n¼ 106). The dose-response rela
tionship was then established by plotting the number of survi
vors as a function of the Ag concentration.

Integrated population model framework
Population model
The InSTREAMgen model (Ayll�on et al., 2016) is an IBM that pre
dicts the life history of trout in streams. The model is an IBM 
(sometimes called agent-based model) which mathematically 
describes all life aspects of rainbow trout, that is, growth, feed
ing, spawning, reproduction, embryo development, life stage 
transition, ageing and mortality, and so on. The model is 

implemented in NetLogo (Ver. 5.0.4; Wilensky 1999). 
InSTREAMgen was a continuation of InSTREAM, a spatially ex
plicit IBM for trout (rainbow and brown trout; Railsback et al., 
2009). The InSTREAMgen model was developed for brown trout 
(Salmo trutta) originally. Here, we used the adapted version from 
Janssen et al. (2021b) that accounts for the life history of rainbow 
trout, using model parameters for rainbow trout from Railsback 
et al. (2009; e.g., fish weight-length relationships, spawning- 
related parameters, and Redd mortality parameters—for details, 
see the online supplemental material provided by Janssen 
et al., 2021b).

The InSTREAMgen model simulates population dynamics in 
discrete, daily timesteps. The model has a spatially explicit struc
ture consisting of different patches that together form a realistic 
stream (River Belagua, northern Spain). Because the model is 
individual-based, the individual is the central entity of the model. 
Individuals have state variables (e.g., length) that describe their 
condition and life history parameters during a simulation. 
Interactions between individuals and their environment lead to 
the emergence of population dynamics—for instance, how the 
population abundance changes over time due to changes in re
production and mortality. Different environmental factors are 
considered, such as the water temperature, food availability and 
competition, predation pressure, and others.

Ag toxicity effects
The physiologically extended BLM is used to normalize effects on 
juveniles and adults for specific water physico-chemistries and 
Ag concentrations. The extended BLM, as implemented in 
RStudio, was used to generate a look-up table. For a range of Ag 
concentrations (from 0.1 to 35 nmol/gdry wt) and a range of inter
nal plasma Na thresholds (from 1% to 90%), individual survival 
times were calculated with the SBM. The total dissolved Ag con
centration is assumed to be below 30 µg/L, so no correction on the 
gill permeability is assumed (see online supplementary material: 
Appendix, Section 2, Equation S8). The look-up table is imported 
in NetLogo. When a new individual is created in the simulation, 
their individual threshold is drawn randomly from the fitted nor
mal distribution. Based on the environmental Ag concentration, 
and the individual threshold, the individual survival time of each 
adult and juvenile individual is determined from the look-up ta
ble. Once this survival time is exceeded, the individual is re
moved from the simulation (i.e., simulated death).

To include effects on ELS, such as the embryonic and larval 
stage, a data-driven approach is considered, based on the RSF 
(Janssen et al., 2021b). The RSF (in %) is calculated by dividing the 
observed percentage survival of a treatment by the percentage 
survival of the control treatment (Equation 6). The percentage of 
survival is calculated by dividing the number of survivors in a 
treatment at a specific timepoint (Nt) by the initial number of 
individuals that are exposed in the treatment (N0), multiplied by 
100. The RSF is directly implemented in the IBM. The RSF at a 
specific exposure concentration determines the decrease in the 
number of viable eggs/larvae in a redd at a specific Ag 
concentration. 

RSFt ¼
Observed survival
Control survival

with survival ¼
Nt

N0
� 100% (Eq. 6) 

Figure 2 compares the simulated trout life phases in the popula
tion model with the biological life stages. The InSTREAMgen 
model assumes two model phases: the Redd phase and the free- 
swimming trout phase. The Redd phase simulates two biological 
life stages: the egg stage and the larval stage. The egg stage starts 

Table 4. Measurements of lethal decreases in internal plasma 
sodium (Na) concentrations. For two sources, mortality and a 
decrease in plasma Na levels were observed in parallel for 
rainbow trout. The day of death and the percentage decrease in 
plasma Na concentration are reported. NM ¼ not measured.

Source Day of death %Decrease in plasma Naþ

Webb and Wood (1998) 5 20%
5 20%

McDonald et al. (1980) 9 NM
4 NM
4 40%
3 NM
5 30%
1 7%
4 29%
5 23%
2 21%
5 34%
5 36%
3 21%
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from fertilization and includes the embryo stage and the eyed 
egg stage. The larval stage starts after hatching, also called the 
yolk-sac larvae stage or alevins. The free-swimming trout phase 
corresponds to three different biological life stages: the swim-up 
fry, parr, and adults. The (swim-up) fry are early juveniles that 
switch from passive feeding from their yolk sac to active freeding. 
Fry will mature into parr. Eventually, when sexual maturation is 
achieved, they become adult trout.

Depending on the modeled life phase, effects are calculated 
differently. For the Redd phase (embryo and larvae), the effects 
of Ag are implemented via the RSF method. For a specific dis
solved Ag concentration, the RSF will determine how many viable 
eggs/larvae are present in a Redd, and thus how many juvenile 
individuals emerge from the Redd. Note that the RSF is calcu
lated for a specific dissolved Ag concentration. No bioavailability 
correction was performed for multiple reasons: there was only 
one suitable study with ELS effects (see further in this section), 
no ELS BLM currently exists, and the RSF can be calculated di
rectly per treatment. The magnitude of the RSF at a specific Ag 
concentration is dependent on the reliable data on embryo 
effects that is used (see further). In contrast, for the free- 
swimming trout phase, the effects of Ag are calculated via the 
SBM. Based on the predicted individual survival time from the 
SBM, individuals are removed from the simulation (i.e., simu
lated death) when their exposure time exceeds this individual 
survival time at a specific Ag concentration.

Scenario analysis
The combined model framework (BLM, physiologically extended 
BLM (SBM), RSF, and IBM; Figure 1) was used to assess the impact 
of Ag on rainbow trout populations and, more specifically, deter
mine what life stage is most sensitive or more determining for 
population survival of rainbow trout under Ag exposure. First, 
suitable data were needed for extrapolation to predict effects at 
the population level. Data were assessed based on several 
requirements. First, a long-term exposure study on rainbow trout 
ELS was necessary, preferably covering all stages from hatching 
to swim-up. Second, the data needed to be of good quality, mean
ing that reliable methods had to be used. Third, a full dose- 
response in effects was required. This included at least a control, 
one concentration resulting in full effects (a 100% decrease in the 
endpoint), and one concentration with intermediate effects (less 
than a 100% decrease in the endpoint). Finally, water chemistry 
parameters had to be provided to support the validity and rele
vance of the study.

Online supplementary material Table S1 in the Appendix 
(Section 3) provides an overview of reliable Ag toxicity studies on 
ELS of fish. Only one study was considered fit for purpose: the 

ELS toxicity test performed by Davies et al. (1978; Table 1). They 
exposed ELS of rainbow trout, from hatching to swim-up, to five 
concentrations of Ag and a control (0, 0.6, 1.2, 2.2, 5.1, and 10 µg 
dissolved Ag per L) for 10 weeks. Mortality was recorded daily. For 
each treatment, the RSF at the end of the test was calculated 
(Equation 6). The reported water chemistry parameters were 
used to normalize the Ag concentrations and calculate the Ag 
accumulation at the biotic ligand needed to calculate the 
juvenile and adult effects for those treatments with the 
SBM (temperature¼ 6 �C, pH¼ 7.02, DOC¼ 1.7 mg/L, hard
ness¼ 30.4 mg CaCO3/L, alkalinity¼30.7 mg CaCO3/L).

The Ag-BL concentrations from the BLM were used as input 
for the extended BLM to predict the percentage mortality in juve
niles and adults after 10 weeks of exposure for each respective 
treatment from Davies et al. (1978). These were then compared 
to predicted population level effects in a scenario analysis. Four 
prediction scenarios were considered to assess Ag effects on rain
bow trout populations. The first, the control scenario, assumed 
no exposure to Ag, meaning the exposure concentration was set 
at 0 µg Ag per liter. The second, known as the RSF scenario, con
sidered only effects on embryos and larvae, with extrapolations 
made using the RSF approach. The third, the SBM scenario, fo
cused solely on juveniles and adults, extrapolating effects using 
the extended Biotic Ligand Model (SBM) approach. Finally, the 
combined scenario accounted for effects on all life stages of rain
bow trout by applying both the RSF and SBM approaches.

Considered population endpoints were total population abun
dance (number of individuals in the population) and total popula
tion biomass. The exposure conditions of Davies et al. (1978) were 
considered (i.e., 0, 0.6, 1.2, 2.2, 5.1, and 10 µg dissolved Ag per L— 
with the calculated Ag-BL concentrations for the SBM approach). 
For each scenario, and each tested concentration, 10 simulation 
iterations were run. The IBM simulates trout population dynamics 
over 10 years. Of these 10 simulations, the average endpoint for 
each year (on August 28, and August 27 in leap years) is calculated.

Results
Refinement of the physiologically extended BLM
The ET50 values observed by data of Galvez and Wood (1997)
were compared to the predictions of the refined extended BLM 
and those of the original model (SBM) by Paquin et al. (2002; 
Figure 3). The same conditions and parameters as mentioned in 
Paquin et al. (2002) were used to compare predictions. The pre
dictions with the refined extended BLM closely reflect the obser
vations of Galvez and Wood (1997; see solid line in Figure 3). The 
predicted ET50 values of the refined model are slightly lower 
than those of the original SBM. This is expected because the 

Figure 2. Comparison between the population model phases and the biological life stages of rainbow trout. Effects of silver (Ag) are simulated via either 
the relative survival fraction-method (for redds) or the sodium balance model method (for free-swimming trout). Note. RSF ¼ relative survival fraction, 
SBM ¼ sodium balance model (a physiological extension of the biotic ligand model).
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average of the threshold distribution is lower than the threshold 
of Paquin et al. (2002): 25.6% in the refined model versus 30% in 
the original model.

The overall predicted trend of the refined model matches the 
ET50 observations of Galvez and Wood (1997) and the original 
model (Figure 3). There is an increase in ET50 predicted with in
creasing Ca concentration. This increase is explained by the 
effects of calcium on the gill permeability; the gill permeability 
decreases as the Ca level in the water increases (Paquin et al., 
2002; see online supplementary material: Appendix, Section 2, 
Equation S9). At low Ca, the gill permeability is high and Na ki
netics are fast. This high permeability at low Ca concentrations 
predicts that the lethal threshold is achieved more quickly, thus 
leading to lower individual survival times. In contrast, at high Ca 
concentrations, permeability is low, leading to slow Na kinetics. 
Consequently, higher individual survival times are predicted at 
high Ca concentrations.

The refined model predicts a range in individual survival 
times, which is highlighted by the shaded area in Figure 3. At 
lower Ca concentrations, the predicted range is narrower than at 
higher Ca concentrations. The predicted increase in variability is 
explained as well by the influence of Ca on membrane perme
ability and Na kinetics. For detailed explanation on the emerged 
variability and the predicted increase in variability at higher Ca 
concentrations, we refer to the online supplementary material: 
Appendix, Section 4. In short: the kinetics follow first an expo
nential increase in Na concentration due to uptake, followed by 
an equilibrium phase. At low Ca, Na uptake occurs fast, and the 
threshold will be in the exponential phase. This is associated 
with low variability in the predicted distribution in survival 
times. In contrast, at high Ca and slow Na kinetics, the threshold 
will be achieved in the equilibrium phase, which leads to high 

variability in predicted ET50 values (see online supplementary 
material: Appendix, Section 4, Figure S4A and B).

Compared to the original model, the variability in survival 
time predicted by the refined model better reflects the survival 
as a function of the free Ag concentration, observed by Galvez 
and Wood (1997; Figure 4). The original extended BLM (red line in 
Figure 4) either predicts population persistence (100% surviving 
individuals), when the 30% decrease is not achieved, or popula
tion extinction (0% surviving individuals), when the 30% thresh
old is achieved. This leads to a nonlinear dose-response or, more 
specifically, an all-or-nothing response (red curve in Figure 4), 
which clearly contrasts the observations from Galvez and Wood 
(1997). In comparison, implementing variability on the threshold, 
a more gradual dose-response is predicted. With variability on 
the threshold implemented, the lethal threshold of some individ
uals at a specific Ag concentration will be reached on Day 7 of 
the exposure, meaning some individuals die, while others sur
vive. A gradual dose-response is also predicted assuming vari
ability in the maximum Na uptake parameter (JM; blue curve in 
Figure 4), as reported in Paquin et al. (2002). However, the slope 
of the Galvez and Wood (1997) observations is more gradual com
pared to the refined extended BLM. In addition, the half- 
maximum effect concentration of the curve is higher than that of 
the refined model. Based on the validation and comparison, the 
model with variability on the threshold better reflects the ob
served survival as a function of the Ag concentration.

Population predictions
For different lethal thresholds and biotic ligand silver concentra
tions, individual survival times of rainbow trout were predicted 
(Figure 5). As the threshold increases, the predicted survival time 
increases as well. This is expected, because it will take longer for 

Figure 3. Comparison of predicted (lines) with measured median lethal times (ET50) values for rainbow trout. Data (dots) from Galvez and Wood (1997). 
The solid line represents the predicted ET50 with the refined sodium balance model (SBM; average of the predicted individual survival times), whereas 
the dashed line represents the ET50 with the original SBM from Paquin et al. (2002). The gray area represents the 90% confidence intervals on the 
median of the survival time distribution. This range in predictions is caused by variation on the lethal threshold within the refined SBM. Measured 
ET50 are from rainbow trout exposed to Ag (±100 µg/L dissolved Ag), under variable treatments of CaSO4 (red dots) and Ca(NO3)2 (blue dots).
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a higher threshold of plasma Na reduction to be achieved due to 
Ag exposure. When the biotic ligand Ag concentration increases, 
the individual’s survival time decreases. This is also expected, 
because a higher Ag accumulation at the biotic ligand will de
crease Na-uptake significantly. A look-up table is generated 
based on the refined extended BLM predictions (Figure 5), which 
was implemented in the InSTREAMgen population model to pre
dict the impact on rainbow trout populations.

Figures 6 and 7 show the population predictions with the 
InSTREAMgen population model for the physico-chemistry con
ditions of Davies et al. (1978). In Figure 6, predicted population 
abundance and biomass over time at 1.2 µg dissolved Ag per L 
and control conditions are plotted. The population abundance of 
the control predictions (red line in Figure 6—left) fluctuates over 
time. This is mainly due to yearly variations in environmental 
conditions, such as water flow, turbidity, food availability, and 
water temperature, which impacts the population dynamics of 
rainbow trout (see Ayll�on et al., 2016, for details). When Ag 
effects are implemented, no significant effects on population var
iables are predicted at 1.2 µg dissolved Ag/L. For all scenarios 
with Ag exposure (RSF—ELS effects only, SBM—juvenile and 
adult effects only, and RSF þ SBM—all life stages exposed), the 
range in predicted abundance and biomass completely overlaps 
with that of the control prediction in Figure 6. There are some mi
nor differences in predicted average abundance and biomass be
tween control and some of the scenarios at specific timepoints. 
However, these differences can be attributed to stochasticity that 
arises between simulation iterations. A total of 10 iterations per 
scenario were simulated, because this is a good tradeoff between 
computer simulation time and predicting the average behavior of 
the InSTREAMgen model (similar to Janssen et al., 2021a).

At 2.5 µg dissolved Ag/L, no effects are predicted for the SBM- 
only scenario (i.e., only effects on juveniles and adults; Figure 7). 

The implemented effects of Ag on juveniles and adults did not 
cause a significant impact on either population abundance or 
biomass. In contrast, when effects on embryo or larvae are con
sidered (the RSF-only scenario), significant effects are predicted. 
Both abundance and biomass steadily decrease over the years, 
until the population becomes extinct at the end of the 10-year 
simulation. The scenario that includes effects on all life stages 
(the RSF þ SBM scenario) predicts a similar trend. At 2.5 µg diss. 
Ag/L, the population is predicted to become extinct based on the 
InSTREAMgen.

Table 5 includes a comparison between the implemented 
individual-level effects for each treatment of Davies et al. (1978)
and the predicted effect at the population level (abundance and 
biomass). The observed relative survival fraction after 70 days of 
embryo/larvae exposure in Davies et al. (1978) was 36% in the low
est exposed treatment (1.2 µg dissolved Ag/L) and 100% in the 
higher concentrations. Using the refined extended BLM, at 1.2 µg 
dissolved Ag/L, no mortality of adults or juveniles was predicted by 
the SBM. At 2.5 µg dissolved Ag/L, only 2.12% mortality is predicted 
on juvenile and adult trout. This percentage further increases to 
87.2 and 99.7% at 5 and 10 µg dissolved Ag/L respectively.

The percentages of individual-level mortality were extrapo
lated to the population level using InSTREAMgen (Table 5). At the 
lowest exposed treatment, no effects were predicted at the popu
lation for any of the three scenarios. Even with 36% embryonic 
and larval mortality, no impact on population abundance or bio
mass is predicted. In contrast, at 2.5 µg dissolved Ag/L, the popu
lation is predicted to become extinct (Figure 7). Note that at this 
concentration 100% mortality on embryo and larvae is assumed. 
The 2.2% mortality with the SBM approach did not lead to any 
predicted impact on population abundance or biomass. At 5 and 
10 µg dissolved Ag/L, the population is predicted to become ex
tinct for all three simulated scenarios.

Figure 4. Comparison of predicted (lines) with observed (points) survival of juvenile rainbow trout exposed to Ag (7-day exposure). Data from Galvez 
and Wood (1997). The red line represents the predicted survival with the physiologically extended biotic ligand model (BLM) of Paquin et al. (2002). The 
green line represents the predicted survival with the refined extended BLM, assuming variability on the individual lethal threshold for Na decrease. The 
blue line represents the predicted survival with the refined extended BLM, assuming variability on the maximum Na uptake rate.
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Discussion
Refined physiologically extended BLM
The physiologically extended BLM, as originally defined by 
Paquin et al. (2002) was developed to account for the effects of Ag 
on Na uptake in rainbow trout and how disturbances in the inter
nal Na balance lead to mortality (Wood et al., 1996). Silver bind
ing to the gill causes a net loss of Na due to inhibition of the gill 

basolateral Naþ/Kþ-ATPase (McGeer & Wood, 1998; Morgan 
et al., 1997). Wood et al. (1996) speculated that death occurs 
when plasma Na concentration drops by approximately 30%. 
This was the basis for the lethal threshold set by Paquin et al. 
(2002) in their model implementation. However, this strict 
threshold ignores potential inter-individual variability in toxic re
sponse of rainbow trout. Bianchini et al. (2002) argue that 

Figure 5. Refined predictions of the physiologically extended biotic ligand (BL) model for individual survival time as a function of the individual 
threshold and the BL silver concentration. The horizontal axis represents the individual threshold for lethal decrease in plasma Na concentration. The 
vertical axis depicts the predicted individual survival time. The colored lines connect the predicted individual survival times for discrete BL silver 
concentrations.

Figure 6. Individual-based model predictions of population-level effects of Ag to rainbow trout populations at 1.2 µg dissolved Ag per L (green, blue and 
purple lines) compared to the control (red line; no Ag exposure). Population abundance (left) and population biomass (right) is plotted over time. The 
lines represent the average prediction of 10 simulations; the shaded area represents the minimum and maximum prediction. The green line shows the 
prediction of the relative survival fraction (RSF)-only scenario, that is, only effects on embryos and larvae are assumed. The blue line shows the 
prediction of the sodium balance model (SBM)-only scenario, that is, only effects on juveniles and adults. The purple line depicts the combined RSF and 
SBM scenario, where effects on all life stages are assumed. Note. RSF ¼ relative survival fraction (i.e., effects of Ag on embryonic and larval life stage), 
SBM ¼ sodium balance model (physiologically extended biotic ligand model; i.e., effects of Ag on juvenile and adults).
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smaller-sized individuals have a larger mass-specific surface 
area in the gills, and therefore require higher mass-specific Na 
uptake rates to balance out ion losses. Inhibition of active ion up
take will therefore affect smaller-sized individuals more strongly 
than individuals of larger size. However, physiological differences 
between individuals are not accounted for in the original model.

The original extended BLM predicts internal Na balance and 
median lethal times (ET50-values) for rainbow trout under vari
ous conditions, but it has limitations due to its strict assumption 
that mortality occurs only when there is a 30% reduction in inter
nal plasma Na. This all-or-nothing approach lacks realistic vari
ability, as experimental data show a gradual dose-response 
relationship between Ag exposure and trout mortality. 
Implementing this normal distribution on the individual thresh
old reflects the observed dose-response of Galvez and Wood 
(1997) much better (Figure 4). Note that the predictions in 
Figure 4 are independent, meaning the data were not used to cali
brate the model.

Intra-specific response variability of rainbow trout exposed to 
Ag emerges from two different causes: either due to physiological 
differences between individuals, or due to chemical variations in 
Ag-gill binding (Taylor et al., 2003). Physical differences between 
individuals in the population can lead to different sensitivities to
ward Ag. An example is the number of Ag binding sites at the gill 
due to a larger physical gill surface area (Taylor et al., 2003). A 

relatively higher number of Ag binding sites at the gill will likely 
increase the potential of Ag to interfere with Na uptake. Taylor 
et al. (2003) have reported significant intra-specific differences in 
whole-body Na (a relative standard error up to 12%) in rainbow 
trout. A larger exchangeable Na pool will likely be associated 
with more robustness towards disturbances in Na uptake. Taylor 
et al. (2003) argue that sensitivity to Ag depends on the tolerance 
and resistance of Na loss. The Na loss was observed to be in
creased in more sensitive species. Currently, the refined model 
assumes no physiological differences between individuals, for ex
ample, there is a constant Na exchange pool. The volumes of the 
different compartments in the extended BLM (intravascular, in
terstitial, and intracellular) are also assumed fixed. This origi
nally made sense because the timeframe within which the 
extended BLM was applied in the study of Paquin et al. (2002)
only comprised a few hours up to maximum two days of expo
sure to Ag. Within those short timeframes, the total compart
ment volumes are expected to increase minimally with growth. 
Additionally, variability was assumed low, because exposed indi
viduals were more or less of the same age, length, and weight. 
However, in reality, juvenile and adult fish will grow, meaning 
the compartment volumes and the total exchangeable Na pool 
will likely increase over time.

Differences in sensitivity can also be caused by variability in 
Ag-gill binding chemistry. These processes are covered by the 

Figure 7. Individul-based model predictions of population-level effects of Ag to rainbow trout populations at 2.5 µg dissolved Ag per L (green, blue, and 
purple lines) compared to the control (red line; no Ag exposure). Population abundance (left) and population biomass (right) is plotted over time. The 
lines represent the average prediction of 10 simulations; the shaded area represents the minimum and maximum prediction. The green line shows the 
prediction of the relative survival fraction (RSF)-only scenario, that is, only effects on embryos and larvae are assumed. The blue line shows the 
prediction of the sodium balance model (SBM)-only scenario, that is, only effects on juveniles and adults. The purple line depicts the combined RSF and 
SBM scenario, where effects on all life stages are assumed. Note. RSF ¼ relative survival fraction (i.e., effects of Ag on embryonic and larval life stage), 
SBM ¼ sodium balance model (physiologically extended biotic ligand model; i.e., effects of Ag on juvenile and adults). Note that for population 
abundance (left), the predictions of the RSF scenario (green) and the combined RSF and SBM scenario (purple) overlap.

Table 5. Implemented individual-level and predicted population-level effects of Ag to rainbow trout. RSF ¼ relative survival fraction (Ag 
effects on embryo and larvae) SBM ¼ sodium balance model (physiological extension of the BLM; Ag effects on juveniles and adults), AB 
¼ abundance, BM ¼ biomass.

Treatment (in µg dissolved Ag/L;  
Davies et al., 1978)

Individual-level mortality (70 days) Population-level effect (10 year)

RSF SBM RSF only SBM only SBM þ RSF

AB BM AB BM AB BM

1.2 µg/L 36% 0% 0% 0% 0% 0% 0% 0%
2.5 µg/L 100% 2.2% 100% 100% 0% 0% 100% 100%
5 µg/L 100% 87.2% 100% 100% 100% 100% 100% 100%
10 µgL 100% 99.7% 100% 100% 100% 100% 100% 100%
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BLM, which calculates the accumulation of Ag at the gill. 
Variability in BLM-related parameters is currently not consid
ered. These are expected to differ minimally between individuals 
of the same species. This is mainly because the parameters of 
the BLM express chemical rates or interactions, which are as
sumed to be conserved across organisms of the same species 
(Van Regenmortel et al., 2015). Nonetheless, there are factors re
lated to Ag-gill binding that could slightly differ between individ
uals, such as the affinity of Ag to bind to the gill (i.e., Ag 
attraction), the total Ag capacity of the gill (i.e., Ag saturation), or 
bound Ag that is not reactive. Additionally, the current BLM (as 
well as the SBM) does not include processes such as detoxifica
tion, storage, and elimination of Ag. These processes are not in
cluded explicitly in the Ag-BLM, although they are indirectly 
present due to the calibration of the model using real toxic
ity data.

Despite the improved predictive capabilities of the refined 
physiologically based BLM, one of the main limitations of the 
model framework is the applicability to fish ELS. The extended 
BLM was originally developed to account for Ag effects on the Na 
balance in juvenile and adult trout, and the ionoregulation and 
toxicity data for model development and validation were exclu
sively based on juvenile and adult rainbow trout (Paquin et al., 
2002). The extended BLM cannot be used as such for the embry
onic and larval life stage because the physiology between these 
early versus later life stages is vastly different (Gonzalez et al., 
1996). The uptake and related toxicity of Ag to juvenile and 
adults occurs via the gill (Wood et al., 1996). Contrarily, trout em
bryos do not possess gills, whereas those of the larvae are under
developed. Moreover, there are clear differences in 
ionoregulatory disturbances between early versus later life 
stages (Brauner & Wood, 2002). It is also shown that the chorion 
of embryos plays a protective role against Ag by storing accumu
lated Ag before it can reach the embryo (Guadagnolo et al., 2000). 
Additionally, increased sensitivity to Ag has been observed im
mediately after egg hatching, which could be attributed to the 
role of ionoregulation during these crucial moments in larval de
velopment (Morgan et al., 2005).

The refined model only considers individual variability on the 
lethal threshold for decrease in Na. However, there are other 
physiological-related traits that can vary as well. Paquin et al. 
(2002) already established there is variability in the Na half- 
saturation constant (KM) and the maximum Na uptake rate (JM). 
Morgan et al. (1997) have identified variability on JM when assess
ing ionoregulation of Na under Ag exposure (JM ¼ 9.55± 
3.02mmol kg−1 d−1). Moreover, this parameter decreased signifi
cantly with Ag exposure, which led to the establishment of sig
moidal dose-response relationship between Ag exposure and 
inhibition of the maximum Na uptake (JM; see online supplemen
tary material: Appendix, Section 2, Equation S10). Additionally, 
variability on the Na affinity of the carrier was demonstrated as 
well (KM ¼ 0.348±0.126mM). However, no attention was given to 
a possible variability in the lethal threshold of Na reduction in 
the original model. This variability seems to be crucial when fur
ther analyzing the refined model predictions in comparison with 
observed lethal dose-response relationships. Observations of 
mortality were better predicted with the extended BLM when var
iability on the lethal threshold is assumed as well.

Physiologically extended BLM predictions with variability on 
the maximum Na uptake rate did improve the fit to the dose- 
response data from Galvez and Wood (1997; see Figure 4). 
However, these predictions did not yield better results than when 
the variability on the lethal threshold is assumed. Further 

refinement could be the inclusion of more sources of variability 
in the extended BLM, on top of the distribution in lethal thresh
old. However, based on the limited available dose-response data 
for Ag toxicity to rainbow trout, this could potentially lead to 
model overfitting. For now, only one source of variability is as
sumed. The threshold assumption has a significant impact on 
the predicted mortality in rainbow trout, and yet no argumenta
tion on the selection of the value of 30% is provided by Paquin 
et al. (2002), other than cited sources on ionoregulation data 
(Wood et al., 1996). The physiological extension of the BLM from 
Paquin et al. (2002) was thoroughly validated when it comes to 
the predictions of Na plasma over time under various physico
chemical conditions. Yet, the lethal threshold was only validated 
by comparing predicted median lethal times (ET50 values) to 
data. Additionally, because varying one parameter (the lethal 
threshold) improves the fit to individual dose-response data sig
nificantly, it could be argued it is unnecessary to vary more 
parameters that would likely improve the fit only marginally 
(e.g., the maximum Na uptake rate).

Integrated population modeling
This modeling framework further develops the physiologically 
extended BLM approach by Paquin et al. (2002). A data-driven ap
proach, using relative survival fractions, is used to assess effects 
on fish ELS, which are not covered by the extended BLM. The ex
posure conditions from the study of Davies et al. (1978) were 
used to compare effects across life stages. This study assessed 
effects on the complete ELS development of rainbow trout, start
ing from egg fertilization, to hatch, and larval development up to 
the swim-up phase (when trout transition to free-swimming ju
venile). The calculated relative survival fractions over the 70 days 
of exposure were compared to the extended BLM predications at 
the same exposure concentrations and within the same time
frame (Table 5). From the observed (embryo/larvae) and pre
dicted (juvenile/adult) mortality, it is concluded that effects on 
ELS occur at lower Ag concentrations compared to effects on the 
free-swimming life stages. For example, at 2.5 µg dissolved Ag/L, 
100% mortality was observed after 70 days of exposure in the ex
periment of Davies et al. (1978). With the refined model, only 
2.2% mortality is predicted on juvenile and adult rainbow trout. 
At low dissolved Ag, juvenile and adult trout are seemingly not 
affected. Similar trends have been reported in literature. Johari et 
al. (2013) observed a clear trend when exposing different life 
stages of rainbow trout to colloidal Ag nanoparticles. The juve
nile life stage was consistently less sensitive compared to the lar
val and the eleutheroembryonic life stage. Similarly, Buhl and 
Hamilton (1991) found lower acute 96 h LC50 values (i.e., lower 
median lethal concentrations, and thus higher toxicity) for ionic 
silver in alevins (hatchlings) compared to juvenile (free-swim
ming) rainbow trout.

The extended BLM and RSF were integrated in an IBM frame
work, which allows the prediction of population dynamics of 
rainbow trout under Ag exposure. Based on the scenario analysis 
with the IBM, it was assessed which affected life stage has a 
more significant impact on rainbow trout population persistence. 
An effect of 36% on embryonic and larval survival (at 1.2 µg dis
solved Ag/L) causes no significant predicted impact on popula
tion abundance or biomass. At that same concentration, no 
effects on juvenile and adult are predicted with the extended 
BLM. At 2.5 µg dissolved Ag/L, however, 100% mortality is pre
dicted on ELS. Naturally, when the ELS do not survive, recruit
ment collapses and the population becomes extinct at the end of 
the simulation. At that concentration, a low percentage mortality 
is predicted by the extended BLM. Additional simulations were 
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performed to assess what percentage of effects per life stage is 
required to predict population extinction (see online supplemen
tary material: Appendix, Section 5, Figures S5 and S6). Even a 
high percentage of mortality on ELS (up to 40% after 70 days of 
exposure) does not lead to any significant impact on population 
abundance or biomass (see online supplementary material 
Figure S5). At more than 50% mortality, population decline is pre
dicted. When juvenile and adult trout are affected, the percent
age effect required to lead to population extinction is lower (no 
significant population effects are observed up to 20% mortality 
after 70 days of exposure to Ag; see online supplementary mate
rial Figure S6). Even though the percentage effect leading to pop
ulation extinction is lower for adults compared to ELS, it should 
be considered that ELS individuals are affected at lower Ag con
centrations than juvenile individuals and adult individuals. As 
shown by the predictions in Table 5, at 2.5 µg dissolved Ag/L, no 
effects on juveniles or adults are predicted with the extended 
BLM, whereas 100% mortality was observed by Davies et al. 
(1978). Hence, these results stress the importance of ELS mortal
ity in driving population effects to Ag.

Janssen et al. (2021b) predicted a similar impact of ELS mortal
ity when assessing population effects of Zn to trout. Rainbow 
trout are highly fecund, producing 2,000 to 3,000 eggs per kg body 
weight per year (Tyler et al., 1996). The mortality in ELS in natu
ral environments is extremely high with survival rates as low as 
48% being observed in natural environments (Rye et al., 1990). 
InSTREAMgen contains several egg mortality sources, including 
scouring and deposition, low and high temperature stress, dewa
tering, and superimposition (Ayll�on et al., 2016). As predicted 
with InSTREAMgen, additional mortality due to chemical stress 
will not affect recruitment in trout populations at first—at least 
at lower effect percentages. This is mainly due to compensatory 
density-dependent mechanisms at the population level. An in
creased embryonic and larval mortality due to Ag exposure, will 
be compensated by a reduced mortality due to the other sources 
(Preuss et al., 2009). Additionally, a lower input of new juveniles 
will increase resource availability for older individuals, reducing 
intra-specific competition for food and refuge in the local envi
ronment (De Roos et al., 2013). Janssen et al. (2021b) predicted 
similar trends for brown trout when implementing effects of Zn 
on emergence success (i.e., the rate of success when transitioning 
from yolk-sac larvae [Redd phase] to juvenile trout [free- 
swimming phase]). When stronger effects on ELS are assumed, 
there is a clear negative effect predicted on recruitment (number 
of young-of-the-year in the population), which causes a decrease 
in population abundance over time. Here, even though up to 40% 
of Ag induced ELS mortality is considered, population abundance 
and biomass are unaffected by Ag exposure (see online supple
mentary material: Appendix, Section 5, Figures S5 and S6).

The predictions presented here are limited to one bioavailabil
ity condition that was extrapolated (i.e., that of Davies 
et al.,1978). The predictions assume that physicochemical condi
tions in the environment remain constant over time. With 
InSTREAMgen, the local water chemistry in the simulated river is 
assumed constant, even though other variables (water flow, tem
perature, the amount of refuge, and food availability) change 
throughout the 10-year simulation. The level of Ag exposure is 
assumed constant as well. Nonetheless, the modeling framework 
allows comparison of Ag effects between life stages, while also 
providing a potential impact at the population level. Currently, 
extrapolation to other exposure concentrations is difficult due to 
the lack of good data, and without a mechanistic approach to 
cover the larval and embryonic life stages. The RSF approach 

relies on measured survival in ELS. We currently cannot extrapo
late to other Ag concentrations, outside the ones tested by Davies 
et al. (1978). However, we can perform additional simulations, 
assessing theoretically what the impact of different effect per
centages per life stage means for population persistence (see on
line supplementary material: Appendix, Section 5). Altogether, 
the modeling framework presented covers effects on all rainbow 
trout life stages, under specific physicochemical conditions, 
when exposed to Ag, while also providing a realistic prediction of 
the impact of Ag on rainbow trout populations.

Janssen et al. (2021a) have developed an IBM framework 
(InSTREAMgen-based) that includes individual-level effects of Zn 
and Cu on survival of juvenile trout. Their results imply that indi
vidual variation in thresholds affects how the population 
responds to exposure. To be more precise, they hypothesize a re
lationship between inter-individual variability of lethal thresh
olds and population-level effects, further highlighting the 
advantage of IBM-based approaches over more conventional pop
ulation modelling approaches (e.g., matrix models of ordinary 
differential equations). Chaumot et al. (2003) have, for instance, 
developed a Leslie matrix model to account for the effect of Cd 
toxicity to rainbow trout. Matrix models represent populations as 
structured groups based on age, size, or life stage, with demo
graphic transitions between these categories. A common ap
proach to analyzing matrix models is through the dominant 
eigenvalue (λ) of the transition matrix, which provides an esti
mate of long-term population growth—indicating whether a pop
ulation is expected to increase (λ>1), decline (λ< 1), or remain 
stable (λ¼ 1). However, these models can incorporate various lev
els of complexity, including density dependence, stochasticity, 
and intra-specific variability, although this makes them more 
challenging to solve (Accolla et al., 2021). These structure models 
are generally less suited for explicitly capturing spatial heteroge
neity (e.g., Chaumot et al., 2003), individual behavior, and sub- 
organismal processes, which are more readily incorporated into 
individual-based models. It lacks implementation of intra- 
specific variability, important biological processes such as transi
tion between life stages, specific foraging, or reproductive behav
ior, which are all included in the InSTREAMgen model of Ayll�on 
et al. (2016). Furthermore, the population predictions (without 
exposure) of InSTREAMgen have been thoroughly validated 
against trout population measurements in the river Bel�agua 
(Spain; Ayll�on et al., 2016). Additionally, the predictions of Ayll�on 
et al. (2016) emphasize the strength of an individual-based 
modelling approach; effects implemented on individuals lead to 
the emergence of realistic population effects.

The current framework includes lethal effects of Ag on all life 
stages of rainbow trout. However, sublethal effects of Ag to rain
bow trout are currently not accounted for. This is mainly because 
of the data gap on the sublethality of Ag. Norberg-King et al. 
(1989) have observed sublethal effects of Ag on the growth of fat
head minnow, clearly indicating Ag can have a direct sublethal 
impact on freshwater fish. Davies et al. (1998) have observed sub
lethal effects of Ag on growth of rainbow trout as well. However, 
their data are limited to a qualitative assessment of the sublethal 
effects (i.e., only a qualitative score is given for the impact on 
growth at the end of exposure period). Another data gap is the ef
fect of Ag on reproduction of fish. Currently, there are no studies 
that have assessed reproductive effects of Ag to rainbow trout or 
freshwater fish in general. InSTREAMgen could be used to theo
retically simulate how reproductive impairment affects the pop
ulation. However, without reliable data it is impossible to assess 
how reproductive effects compare to the lethal effects and 
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therefore also to evaluate ecotoxicological questions for silver, 
such as the concentrations at which the reproductive effects 
matter, the mathematical or mechanistic relationship best de
scribing sublethal effects, and the impact of reproductive effects 
on rainbow trout populations. A final data gap is the coverage of 
bioavailability conditions in the current assessment. As men
tioned, only the conditions of Davies et al. (1978) could be evalu
ated here. Because of the limited data for which the SBM and RSF 
could both apply, it is currently not possible to compare Ag 
effects across various bioavailability conditions. Nonetheless, the 
integrated IBM allows for the comparison of the relative impact 
of Ag effects on different rainbow trout life stages and how they 
impact population abundance or biomass.

Based on the InSTREAMgen predictions, and including Ag 
effects on all rainbow trout life stages, it is clear that the ELS are 
driving rainbow trout population effects when exposed to Ag. 
Consequently, it can be concluded that toxic effects of Ag on 
adults or juveniles are less determining for rainbow trout popula
tion persistence. Given these findings, future investments in the 
development of BLMs for fish should focus specifically on the ELS 
(ELS-BLM). The physiologically extended BLM performs well in 
predicting mortality in juvenile and adult life stages under vari
ous physicochemical conditions. Prioritizing the ELS in BLM de
velopment will enhance our understanding of Ag toxicity and the 
impact on fish populations. Additionally, integrating an ELS- 
focused BLM, in contrast to the current data-driven RSF ap
proach, would ensure a more robust framework for assessing 
ecological risks associated with Ag exposure in aquatic 
environments.

Conclusion
The current study addressed several uncertainties related to the 
toxic effects of Ag on rainbow trout. The original physiologically 
extended BLM developed by Paquin et al. (2002) provides an accu
rate description of the disturbances of the vascular Na mass bal
ance in rainbow trout when exposed to Ag. In the current study, 
the original model was further refined by integrating information 
on Na ionoregulation under Ag exposure. A normal distribution 
was established to describe the variation of individual lethal 
threshold for percentage decrease in vascular Na. The refined ex
tended BLM allows for the prediction of individual survival times 
of juvenile and adult rainbow trout exposed to Ag under various 
exposure conditions. This model framework is better fit to com
pare life stage sensitivity between studies, and was therefore in
tegrated in a population modeling framework to predict the 
impact of Ag on trout population abundance or biomass.

Based on population predictions with an IBM framework, the 
life stage that is most determining for population persistence is 
the ELS (embryonic and larval phase). This is mainly explained 
by the level of Ag concentrations where effects on different life 
stages are observed or predicted. Based on the extended BLM ap
proach, effects on juveniles and adults occur at higher concen
trations compared to observed effective concentrations for 
embryos and larvae (under the same bioavailability conditions). 
The modeling predictions are crucial for guiding decisions on fu
ture testing strategies for Ag ecotoxicity, which should focus 
more on the ELS. Additionally, some data gaps were identified as 
reproductive effects are currently not covered within the inte
grated population modeling framework. In addition, a limited 
number of bioavailability conditions were considered due to the 
lack of data. Nonetheless, this framework fills existing knowl
edge gaps in assessing the ecological risk of Ag on freshwater 

fish, by incorporating diverse modeling methods such as BLMs, 

physiological extensions of BLMs (e.g., SBM), and IBM. This inte

gration ensures a more ecologically realistic evaluation of Ag 

effects on rainbow trout populations.
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