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a  b  s  t  r  a  c  t

In  the  Laurentian  Great  Lakes,  introduced  Pacific  salmon  (Oncorhynchus  spp.)  can  transport  persistent
organic  pollutants  and  heavy  metals  to tributaries  during  their  annual  spawning  migrations.  To  evaluate
contaminant  biotransport  by spawning  Pacific  salmon,  we  developed  a mass-balance  ecosystem  model
for a Lake  Huron  tributary  using  Ecopath  with  Ecosim  (EwE)  and  Ecotracer.  Within  EwE  and  Ecotracer,  we
developed  scenarios  that  reflected  a  range  of  salmon  biomass  inputs  and  different  trophic  pathways  to
predict  polychlorinated  biphenyls  (PCB)  and  mercury  (Hg)  burdens  of  Brown  Trout,  Brook  Trout,  and  Mot-
tled  Sculpin.  Our  model  accurately  predicted  PCB  concentrations  in  stream-resident  fish  across  a  range  of
salmon  spawner  densities.  However,  we were  unable  to similarly  predict  Hg  concentrations  of  stream-
resident  fish.  Our  modeling  results  suggest  that salmon  inputs  specifically  control  PCB  concentrations
ercury
cotoxicology
reat Lakes
treams

in  stream-resident  fish  whereas  Hg  concentrations  are  more  strongly  influenced  by diffuse  background
sources.  Our  model  highlights  how  species-specific  differences  in  diet and  growth,  along  with  trophic
pathways,  can  influence  the  magnitude  of contaminant  impacts  by  spawning  salmon.  Insights  from  our
study  suggest  that  an  EwE  approach  could  be used  to evaluate  other  legacy  and  emerging  bioaccumulative
contaminants  in a variety  of ecosystems.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Contamination of aquatic ecosystems is a concern for both
nvironmental and human health. Some contaminants of concern
nclude persistent organic pollutants (POPs), such as polychlori-
ated biphenyls (PCBs), along with heavy metals, such as mercury
Hg) (Murphy et al., 2012; USEPA, 2004). Once widely used in
ndustry but now largely banned, PCBs persist in the environ-

ent because of their stability and resistance to degradation (Blais,
005). Unlike PCBs, Hg is naturally occurring but concentrations

n the environment are increasing from combustion of fossil fuels
IJC, 2015; USEPA, 2004). Collectively, POPs and heavy metals
re responsible for most consumption advisories globally (USEPA,
004). Numerous studies have assessed the movement, fate, and
cological effects of POPs and mercury in aquatic ecosystems (e.g.,
lais, 2005; Makay and Fraser, 2000). However, a more recent focus

f research has been on the ability of migrating organisms to trans-
ort contaminants across ecosystem boundaries (e.g., Blais et al.,
007; Kallenborn and Blais, 2015).

∗ Corresponding Author.
E-mail address: bgerig@nd.edu (B.S. Gerig).

ttp://dx.doi.org/10.1016/j.ecolmodel.2017.03.027
304-3800/© 2017 Elsevier B.V. All rights reserved.
Pacific salmon are an ideal study organism for contaminant bio-
transport (Blais et al., 2007). Salmon migrate between ocean or
lake environments to streams and rivers (i.e., are anadromous or
potamodromous) and die after a single spawning event (i.e., are
semelparous). During spawning, salmon deliver large quantities of
carcass and gametic tissue (Schindler et al., 2003) that can be con-
taminated with POPs and Hg (Baker et al., 2009; Gregory-Eaves
et al., 2007). Despite this contamination, salmon material (e.g.,
carcass and eggs) represents a high-quality food resource read-
ily consumed by invertebrate and vertebrate consumers (Chaloner
et al., 2002; Scheuerell et al., 2007). For example, stream-resident
fish directly consume salmon carcass and eggs material, or indi-
rectly acquire salmon energy by consuming invertebrates that have
fed upon salmon carcasses. Thus, multiple trophic pathways exist
for salmon-derived nutrients and contaminants to be incorporated
and moved through stream food webs (Janetski et al., 2012; Merna,
1986). Several studies have linked Pacific salmon spawner presence
to elevated POP concentrations in stream-resident fish and wildlife
in their native range (Christensen et al., 2005; Gregory-Eaves et al.,

2007). However, less is known about Hg biotransport (but see Baker
et al., 2009) and the ecological role of spawning salmon outside of
their native range, including in the Laurentian Great Lakes (but see
Gerig et al., 2016a,b; Janetski et al., 2012).

dx.doi.org/10.1016/j.ecolmodel.2017.03.027
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2017.03.027&domain=pdf
mailto:bgerig@nd.edu
dx.doi.org/10.1016/j.ecolmodel.2017.03.027
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The Great Lakes and their tributaries provide a unique setting
o study contaminant biotransport by Pacific salmon. Salmon were
ntroduced into the Great Lakes in the 1950s to control invasive
lewife populations, and have since become an important com-
onent of the Great Lakes recreational fishery (Dettmers et al.,
012). Moreover, salmon have established populations through-
ut the Great Lakes by ‘naturalizing’ to many tributaries, and are
lso stocked from state resource agency hatcheries (Dettmers et al.,
012). Consequently, managers are concerned about factors that
ight compromise the economic value of salmon, such as their con-

aminant burden (Murphy et al., 2012). Furthermore, the legacy of
ndustrial pollution of the Great Lakes has resulted in high concen-
rations of POPs and Hg in many areas (Murphy et al., 2012). Hence,

igratory species such as salmon that move between lake and
tream environments, while readily accumulating contaminants,
epresent a potential link for transferring contaminants between
cosystems. While transfer of salmon-derived POPs to stream biota
as been documented in the Great Lakes (e.g., Gerig et al., 2016a,b;

anetski et al., 2012), little is known about the factors regulating
pecies-specific patterns of bioaccumulation, or the trophic path-
ays by which salmon increase the contaminant concentrations

f stream-resident fish. In addition, no information is available at
resent on the influence of salmon spawning on Hg concentrations.
iven these uncertainties, ecosystem-based modeling approaches
ay  be useful for evaluating and predicting the influence of spawn-

ng salmon on contaminants in stream-resident fish.
Ecosystem models integrate multiple sources of informa-

ion to provide predictions on factors influencing complex food
eb dynamics (Christensen and Walters, 2004; Colleter et al.,

015). For example, Ecopath with Ecosim (EwE, www.ecopath.org;
hristensen and Walters, 2004; Colleter et al., 2015) is a quan-
itative ecosystem-modeling platform that uses a mass balance
ramework to dynamically model energy flow in a food web over
ime. Within EwE, the sub-routine Ecotracer can be coupled to
cosim to model dynamic changes in contaminant concentrations

n a food web (Christensen and Walters, 2004). As diet is the primary
athway of contaminant transfer to upper trophic level organisms

n aquatic ecosystems (Trudel and Rasmussen, 2006), such models
an elucidate the trophic pathways by which PCBs and Hg bioaccu-
ulate (Arnot and Gobas, 2004; Booth and Zeller, 2005).

The objective of our study was to utilize an ecosystem model to
etermine the extent to which salmon-mediated contaminant bio-
ransport determines the PCB and Hg burdens of stream-resident
sh in Great Lakes streams. To achieve this objective, we  first
arameterized an Ecopath food web model using data from empiri-
al and literature sources. Second, we evaluated a baseline scenario
sing Ecosim and Ecotracer, which reflects how a typical salmon
un can influence stream-resident fish PCB and Hg concentrations
ver time. Third, we expanded the baseline scenario to evaluate
ow variation in salmon run size (i.e., spawner biomass) influ-
nced contaminant concentrations in stream-resident fish. Results
rom the biomass scenarios were validated via comparison with
bserved fish contaminant loads in Great Lakes tributaries receiv-

ng salmon spawners. Finally, we developed a set of scenarios
o determine how direct and indirect trophic pathways might
nfluence the magnitude of salmon contaminant transfer to stream-
esident fish.

. Materials and methods

.1. Study site
Our model system was Hunt Creek, a second-order tributary
tream to Lake Huron located in the northeastern portion of Michi-
an’s lower peninsula. The stream has stable flows, and is similar to
delling 355 (2017) 39–48

other cold water streams in the Upper Great Lakes (Grossman et al.,
2012; Wills et al., 2006). Located within the Michigan Department
of Natural Resources Hunt Creek Fisheries Research Station, the
stream has never received salmon spawners nor experienced sig-
nificant fishing pressure, and thus represents a largely undisturbed
system from which to build our base model. The fish community
of Hunt Creek consists of Brown Trout (Salmon trutta), Brook Trout
(Salvelinus fontinalis), Mottled Sculpin (Cottus bairdi),  and Redside
Dace (Clinostomus elongatus). Brown and Brook Trout are both drift
feeders and top predators in stream communities, and occupy a
similar functional role within the stream community (Zimmerman
and Vondracek, 2007). Mottled Sculpin and Redside Dace are both
important forage fish, but Mottled Sculpin are primarily benthic
feeders while Redside Dace are water column feeders (Zimmerman
and Vondracek, 2007).

2.2. Ecopath model

We  first parameterized a balanced Ecopath model that was  rep-
resentative of the Hunt Creek ecosystem using both empirical and
literature sources (Appendix A Supplementary material). Ecopath
uses a series of linear equations to describe biomass interactions
between trophic levels, and gives a static, mass-balanced repre-
sentation of food web  structure in Hunt Creek at steady-state. For
each functional group i:

BAi = Bi ∗ (P/B)i ∗ EEi −
∑

(Bj ∗ (Q /B)j ∗ DCij)- Yi − Ei (1)

where BAi is biomass accumulation of group i; Bi is the biomass of
group i; P/Bi is the production to biomass ratio of group i; EEi is
ecotrophic efficiency (proportion of production that is used within
the system); Q/Bj is the consumption to biomass ratio of predator
j; DCij is the proportion of group i in the diet of predator j; Yi is
fishery yield; and Ei is net emigration. Both Yi and Ei were assumed
to be 0. Our model of the Hunt Creek food web consisted of 16
functional groups, including periphyton, microorganisms, inverte-
brates, Brown Trout, Brook Trout, Mottled Sculpin, Redside Dace,
and a detritus component partitioned into non-salmon and salmon
material (Fig. 1, Table A1). Salmon material was partitioned into
salmon eggs, which are released during spawning, and salmon car-
casses, which enter the detrital pool upon salmon death (Table
A1). Salmon egg biomass was  based upon empirically collected
biometric data where we assumed a gonadosomatic index of 0.2
(Gerig, unpublished data and Groot and Margolis, 1991). We  also
assumed that 50% of the spawners were female. The invertebrate
functional group was further divided into five functional feeding
groups: grazers, collector-filterers, collector-gatherers, shredders,
and predators (cf. Cummins, 1973). Brook and Brown Trout were
sub-divided into juvenile and adult age-classes within the model.

Once all initial values were entered, we  balanced the model to
ensure that the assumption of mass-balance was met. We  did so by
ensuring that all EEi values were less than or equal to 1.0. If one or
more EE values were greater than 1.0, this indicated that more of a
resource is used than is available and parameters must be adjusted
in order to balance energy flow in the ecosystem (cf. Christensen
and Walters, 2004). In open systems like streams, resources are
constantly in flux due to flowing water and input of external mate-
rial, and the assumption of mass-balance may not be supported
at all times (Meyer and Poepperl, 2004). However, in our study we
assumed that fluxes into the study area generally equaled fluxes out
of the study area; this assumption is consistent with other applica-
tions of EwE to streams (Meyer and Poepperl, 2004; Warren et al.,

2014). Food web parameter values are reported in Table A2, and
final diet compositions are provided in Table A3. In this simulation,
we assumed that adult fish consumed salmon eggs while juve-
nile fish and invertebrates consumed salmon carcasses. We  did not

http://www.ecopath.org
http://www.ecopath.org
http://www.ecopath.org
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Fig. 1. Conceptual food web diagram for Hunt Creek, Michigan, USA. Nodes represent functional groups with size proportional to the standing biomass. Lines represent
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eeding  connections with thickness proportional to the biomass flow between troph
nclude: Brown Trout (BNT); Brook Trout (BKT); Mottled Sculpin (Sculpin); Redside
f  the food web.

onduct a formal sensitivity analyses, as per Ecopath convention
Christensen and Walters 2004). However, we followed a number of
re-model fitting diagnostics to ensure stable model performance
after Heymans et al., 2016).

.3. Ecosim simulation

Once the Ecopath model was balanced, we  utilized Ecosim to
imulate the seasonal influx of salmon spawners to Great Lakes
treams. Ecosim uses systems of differential equations to model
uxes between biomass pools to evaluate how changes in ecologi-
al processes influence trophic structure (Christensen and Walters,
004). The Ecosim equation for each food web functional group is:

Bi/dt = gi ∗
∑

(Cji) −
∑

(Cij) + Ii − (Mi + Fi + ei) ∗ Bi (2)

here gi is growth efficiency;
∑

(Cji) is the rate of consumption of
ll prey j by group i;

∑
(Cij) is the rate of consumption of group i

y all predators j; Ii is the immigration rate; Mi is the mortality not
ttributable to other functional groups; Fi is the fishing mortality
ate; ei is emigration rate; and Bi is biomass. In our models, Ii, Fi,
nd ei are equal to 0. All consumption terms are density-dependent,
hich allows consumer diets to vary from their initial values as

 function of changing prey biomasses (Christensen and Walters,
004).

We  simulated salmon spawning by applying a continuous forc-
ng function to the salmon carcass and egg functional groups,

o represent the seasonal availability of eggs and carcasses from
almon spawning. Salmon egg and carcass biomass was  held at
ero and unavailable for consumption for 10 monthly time steps (to
imulate absence of salmon spawners) and then biomass of salmon
ls. Trophic level is given on the left-hand side of the diagram. Species abbreviations
 (Dace); and juvenile (juv). Invertebrate functional groups occupy the second level

carcass and eggs were introduced for the remaining two  months.
In the second monthly time step, salmon biomass was divided by
half to represent the short-term availability of salmon material in
Great Lakes streams during the months of October and November
(cf. Janetski et al., 2012; Johnson et al., 2016). We  ran model simu-
lations over 30 years (i.e., yearly time steps for 30 model iterations)
with yearly fall salmon runs. This run length allowed sufficient time
for all functional groups to reach steady-state for all scenarios (cf.
Christensen and Walters, 2004; Warren et al., 2014).

Change in food web  structure elicited by salmon spawning
depends on the degree of salmon resource use by individual func-
tional groups via direct and indirect trophic interactions that
change dynamically through time. For all model runs, we  assumed
that bottom-up stimulation of primary productivity during salmon
spawning did not occur. Previous studies have demonstrated that
Great Lakes streams have higher background nutrient concentra-
tions and are more susceptible to sediment disturbance, which
minimize the potential enrichment effect of salmon observed in
native ranges (Collins et al., 2011; Janetski et al., 2014).

2.4. Ecotracer simulation

We used the Ecotracer routine associated with EwE to model
the flow of salmon-derived contaminants through the food web
over time. Ecotracer runs in parallel to Ecosim by calculating
changes in contaminant concentrations as the biomass equations
are solved through time. Within Ecotracer, a contaminant is par-

titioned between water and the biomass of functional groups at
any moment (Christensen and Walters, 2004). The concentration
of a contaminant in a given functional group is expressed as a func-
tion of gains from direct uptake from water and uptake from food
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ources versus losses due to instantaneous loss rates, unassimilated
ood, and mortality (Christensen and Walters, 2004).

The Ecotracer equation for each group is:

dCi/dt =
∑

(Cj ∗ GCi ∗ Q ij/Bj) + (ui ∗ Bi ∗ Co) + (ci ∗ Ii)

−
∑

(Ci ∗ Q ij/Bi) − (Ci ∗ MOi) + (1-GCi)

∗ (Sj ∗ Cj ∗ Q ji/Bj) − (ei ∗ Ci) − (di ∗ Ci) (3)

here Cj is concentration in food j; GCi is the proportion of food
ssimilated by type i organisms; Qji is the biomass flow rate from

 to i (estimated in Ecopath as Bi * (Q/B)i * DCij); Bj is the food j
iomass; ui is a parameter representing uptake per biomass per
ime per unit environmental concentration; Co is the contaminant
oncentration of water; ci is the contaminant concentration per
nit biomass in immigrating biomass; Ii is the biomass of group

mmigrants; Qij is the biomass flow rate from i to j; MOi is the non-
redation death for type i; ei is the emigration rate; and di is the
etabolism of the contaminant in group i. We  simplified the above

quation by assuming that immigration and emigration were zero.
n addition, we assumed that direct contaminant uptake from water

as zero, given that the majority of a fishes’ contaminant burden
omes from dietary sources (cf. Trudel and Rasmussen, 2006). In
ddition, metabolic transformation of contaminants, such as PCBs
nd Hg, occur at slow rates and were assumed to be zero in our
odel (cf. Trudel and Rasmussen, 2006). These reasonable simplifi-

ations allowed us to focus on the role of salmon in stream-resident
sh contaminant bioaccumulation.

The Ecotracer portion of the model was parameterized using
nitial contaminant concentrations for each functional group, con-
entrations per biomass of spawning salmon, and contaminant
ssimilation efficiency (Table A4). We  used empirical measure-
ents from Hunt Creek in 2013 (Gerig, unpublished data) to

stimate initial concentrations of PCBs and Hg for Brown Trout,
rook Trout, and Mottled Sculpin. Salmon carcasses, salmon eggs,
nd invertebrates were assessed from samples collected in Great
akes tributaries receiving salmon runs (Gerig, unpublished data).
ercury and PCBs were selected for analysis because they rep-

esent nearly 100% of consumption advisories in the GL (USEPA,
004). In addition, PCBs and Hg are both considered contaminants
hat bioaccumulate but differ in their physicochemical properties
hat may  influence their biotransport by salmon and subsequent
ptake by stream-resident fish. Methods for quantification of PCBs
nd total Hg concentrations are described elsewhere (Gerig et al.,
n review and Janetski et al., 2012). PCB concentrations represent
he sum of 89 congeners that were analytically determined via
as Chromatography-Mass Spectrometry. Total Hg concentrations
ere determined analytically using a Direct Mercury Analyzer. All

oncentrations were expressed as parts per billion (ng/g). Similar
o the biomass simulation, we applied a continuous forcing func-
ion to the salmon eggs and salmon carcass functional groups to
imulate the seasonal contaminant pulse associated with salmon
pawning.

.5. Model scenarios

We  developed three scenarios to investigate the nature of
tream-resident fish response to Pacific salmon spawning. First,
e created a baseline simulation to assess whether stream-

esident fish exhibited species-specific patterns of bioaccumulation

n response to salmon spawning. For this scenario, we  mod-
led a salmon-loading rate that approximated the median salmon
iomass (0.200 kg/m2) observed in Great Lakes streams (Gerig,
npublished data).
delling 355 (2017) 39–48

Second, we  simulated how stream-resident fish contaminant
concentrations changed across a gradient of salmon biomass-
loading rates. For this scenario, we  ran three simulations, in which
the base Ecopath model was  modified to reflect, different salmon
biomasses. The salmon biomasses used in this scenario reflected
a range of salmon loading rates observed in Great Lakes tribu-
taries (minimum: 0.002 kg/m2, median: 0.200 kg/m2, maximum:
0.790 kg/m2; Gerig, unpublished data). We  assumed that adult fish
consumed salmon eggs while juvenile fish and invertebrates con-
sumed salmon carcasses. For this scenario, we evaluated model
performance by comparing predicted contaminant concentrations
to empirical data collected from Great Lakes tributaries that have
received runs of salmon for greater than 30 years (Gerig, unpub-
lished data). We  then fitted a logarithmic saturating function, to the
simulated data to interpolate contaminant concentrations across
all observed levels of salmon biomass loading. We  evaluated model
prediction accuracy by calculating Pearson correlation coefficients
(rp) between observations and predictions for a given biomass load-
ing rate and mean absolute error (MAE) for each species under all
baseline scenarios (Ye et al., 2015). MAE  is a metric commonly used
to assess how well model predictions fit empirical observations
(Harvey et al., 2003; Ye et al., 2015).

Third, we  simulated how different trophic pathways could
influence the magnitude of salmon contaminant biotransport to
stream-resident fish. We  considered three trophic pathways to
contamination in this scenario, which included: (1) direct egg con-
tamination where adult stream- resident fish consume salmon
eggs; (2) direct carcass contamination where juvenile and adult
stream-resident fish consume carcass material; and (3) indirect
contamination where invertebrates consume salmon carcass mate-
rial, and adult and juvenile stream-resident fish do not consume
either salmon carcass or egg material. These pathway simulations
were not compared to empirical data but rather represent a theo-
retical approach (cf. Warren et al., 2014) useful for understanding
how diet mediates stream-resident fish bioaccumulation as a result
of contaminant biotransport by salmon.

3. Results

3.1. PCB accumulation

During the baseline simulation, PCB concentrations in stream-
resident fish exhibited a non-linear increase in response to salmon
inputs resulting in a saturating relationship (Fig. 2A). The magni-
tude of response to salmon contaminant inputs differed among
species. Overall, Brown Trout exhibited the highest and Mottled
Sculpin exhibited the lowest PCB concentrations at steady-state.
Brook Trout PCB concentrations were only 0.7X lower than Brown
Trout but nearly 7.0X higher than Mottled Sculpin. Brown Trout
and Mottled Sculpin exhibited the largest difference in PCB con-
centrations at steady-state, with Brown Trout being 9.0X more
contaminated than Mottled Sculpin (Fig. 2A). Overall, the time
required for stream-resident fish to reach steady-state PCB concen-
trations varied by species; Brown Trout, Brook Trout, and Mottled
Sculpin required 9 years, 5 years, and 3 years, respectively (Fig. 2A).

Stream-resident fish PCB concentrations increased with increas-
ing input of salmon egg and carcass material (Fig. 3A–C, Table 1).
Similar to the baseline simulation, stream-resident fish PCB con-
centrations exhibited a saturating relationship with increased
salmon loading rates. For Brown Trout, PCB concentrations
increased by 3.8X from the low to median loading rate and 1.2X

from the median to high loading rate (Fig. 3A). For Brook Trout, PCB
concentrations increased by 3.8X from the low to median loading
rate and 1.2X from the median to high loading rate (Fig. 3B). For
Mottled Sculpin, PCB concentrations increased by 3.0X from the
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Fig. 2. Change in polychlorinated biphenyls (PCB) and mercury (Hg) concentrations for Brown Trout (solid), Brook Trout (short-dash), and Mottled Sculpin (long-dash) as a
result  of salmon-mediated contaminant biotransport. Simulations ran for 30 years until steady-state concentrations were reached. Simulations approximated the median
biomass of a salmon run observed in Great Lakes tributaries.

Fig. 3. Concentrations of polychlorinated biphenyls (PCB) and mercury (Hg) as a function of salmon biomass for Brown Trout (BNT), Brook Trout (BKT), and Mottled Sculpin
(MTS). Ecotracer predictions are represented by curves, and individual points represent observed contaminant concentrations at a given spawner biomass in tributaries
across the Great Lakes.

Table 1
Species-specific comparison of Ecotracer predictions to empirical observations for polychlorinated biphenyls (PCB) and mercury (Hg) under varying salmon spawner
biomasses. Concentrations for predicted PCB and Hg represent steady-state values at the end of the simulations. MAE  = mean absolute error.

Contaminant Species Observed range Predicted Range Correlation Coefficient (rp) p-value MAE

PCB Brown Trout 10–560 250–540 0.84 0.02 132
Brook  Trout 2–467 93–422 0.73 0.01 137

Mottled Sculpin 1–86 18–54 0.59 0.02 21

Hg  Brown Trout 28–166 10–20 0.22 0.62 54
Brook  Trout 34–114 6–16 −0.08 0.77 58

Mottled Sculpin 48–184 3–4 0.08 0.75 83
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ow to median loading rate but did not change from the median to
igh loading rate (Fig. 3C). Among scenarios, Brown Trout had the
ighest while Mottled Sculpin had the lowest PCB burdens.

Ecotracer was effective at predicting PCB concentrations
iven similarities between model estimates and observed val-
es (Fig. 3A–C). For Brown Trout, modeled PCB concentrations
aried from 250 to 540 ng/g under salmon spawner biomasses
anging from 0.01 to 0.40 g/m2. Modeled Brown Trout PCB con-
entrations were highly correlated with observed values across
pawner biomass scenarios (Fig. 3A, Table 1, rp = 0.84, p = 0.02,
AE  = ±133 ng/g). For Brook Trout, model predictions of PCB con-

entration varied from 93 to 422 ng/g under salmon spawner
iomasses ranging from 0.002 to 0.63 g/m2. Modeled Brook Trout
CB concentrations were correlated with observed values across
pawner biomass scenarios (Fig. 3B, Table 1, rp = 0.73, p = 0.01,
AE  = ±137 ng/g). For Mottled Sculpin, model predictions varied

rom 18 to 54 ng/g under salmon spawner biomasses ranging from
.002 to 0.630 g/m2. Modeled Mottled Sculpin PCB concentrations
cenarios were correlated with observed values across spawner
iomass (Fig. 3C, Table 1, rp = 0.59, p = 0.02, MAE  = ±21 ng/g).
espite high overall correlations, model predictions consistently
verestimated PCB concentrations at low spawner biomasses and
nderestimated PCB concentrations at high spawner biomasses for
ll species.

PCB concentrations varied considerably depending on the
rophic pathway to contamination. Direct consumption of salmon
ggs resulted in elevated PCB concentrations in Brown Trout, Brook
rout, and Mottled Sculpin of 450, 332, and 45 ng/g, respectively
Fig. 4A). In contrast, direct consumption of carcass material and
ndirect consumption of contaminated invertebrates resulted in

arkedly lower PCB accumulation in stream-resident fish (Fig. 4A).
irect consumption of salmon carcasses resulted in PCB concen-

rations for Brown Trout, Brook Trout, and Mottled Sculpin of 21,
6, and 7 ng/g. In contrast, consumption of contaminated inverte-
rates resulted in PCB concentrations for Brown Trout, Brook Trout,
nd Mottled Sculpin of 40, 36, and 22 ng/g, respectively. Direct con-
umption of salmon eggs by Brown Trout, Brook Trout, and Mottled
culpin resulted in a 20X, 20X, and 6X increase in PCB concen-
rations, respectively, compared to direct consumption of carcass

aterial (Fig. 4A). Similarly, direct consumption of salmon eggs by
rown Trout, Brook Trout, and Mottled Sculpin resulted in an 11X,
X, and 2X increase in PCB concentrations, respectively, compared
o indirect consumption of contaminated invertebrates (Fig. 4A).

.2. Hg accumulation

In contrast to PCBs, Hg concentrations of stream-resident fish
n our baseline simulation decreased over time until reaching
teady-state concentrations, which were 8X lower than initial con-
entrations (Fig. 2B). All stream-resident fish exhibited declines
n Hg over the duration of the simulation, but the magnitude of
esponse differed among species. Similar to PCB simulations, Brown
rout had the highest and Mottled Sculpin had the lowest Hg con-
entrations. Brook Trout Hg concentrations were 0.7X lower than
rown Trout but nearly 4.0X higher than Mottled Sculpin. Brown
rout and Mottled Sculpin exhibited the largest difference in Hg
oncentrations at steady-state, with Brown Trout being 4.5X more
ontaminated than Mottled Sculpin (Fig. 2A).

Increasing the input of salmon egg and carcass material led
o small increases in stream-resident fish Hg concentrations
Fig. 3D–F, Table 1). Similar to the baseline simulation, the rate of
ncrease in Hg concentrations displayed a saturating relationship
ith increased salmon loading rates. For Brown Trout, Hg concen-
rations increased by 2.5X from the low to median loading rate, by
.1X from the median to high loading rate, and 3.0X from the low
o high loading rate (Fig. 3D). For Brook Trout, Hg concentrations
delling 355 (2017) 39–48

increased by 2.3X from the low to median loading rate and by 1.1X
from the median to high loading rate (Fig. 3E). For Mottled Sculpin,
Hg concentrations increased by 1.3X from the low to median load-
ing rate but did not change from the median to high loading rate
(Fig. 3F). Similar to the previous scenario, Brown Trout were the
most contaminated with Hg while Mottled Sculpin were the least
contaminated.

Ecotracer did not effectively predict observed Hg concentrations
from empirically collected data (Fig. 3D–F, Table 1). In all simula-
tions, input of mercury by salmon spawning led to decreases in Hg
concentration over the course of the simulation for all species. As a
result, our model did not yield reasonable estimates of Hg concen-
trations. Correlations between observed and predicted values were
low (rp < 0.25 for all species; Fig. 3D–F, Table 1), and mean average
error for all species was high (MAE > 50 ng/g), especially given low
predicted Hg concentration values. At steady-state, Brown Trout
concentrations ranged from 11 to 20 ng/g under salmon spawner
biomasses from 0.01 to 0.40 g/m2, Brook Trout Hg concentrations
ranged from 6 to 16 ng/g under salmon spawner biomasses from
0.002 to 0.630 g/m2, and Mottled Sculpin concentrations ranged
from 3 to 4 ng/g under salmon spawner biomasses from 0.002 to
0.630 g/m2 (Fig. 3, Table 1). All predicted concentrations fell well
below empirical values.

Mercury concentrations were similar among different trophic
pathways to contamination. Direct consumption of salmon eggs
resulted in Hg concentrations in Brown Trout, Brook Trout, and
Mottled Sculpin of 11, 9, and 2 ng/g, respectively (Fig. 4B). Direct
consumption of salmon carcasses resulted in Hg concentrations for
Brown Trout, Brook Trout, and Mottled Sculpin of 12, 9, and 4 ng/g.
Consumption of contaminated invertebrates resulted in Hg concen-
trations for Brown Trout, Brook Trout, and Mottled Sculpin of 22,
20, and 13 ng/g. All modeled concentrations under all Hg scenarios
fell well below empirically observed Hg concentrations, suggest-
ing that factors other than salmon regulated Hg accumulation in
stream- resident fish.

4. Discussion

4.1. Implications for understanding contaminant biotransport

In this study, we  developed and tested the first ecosystem
model to predict the contaminant burden of stream-resident fish in
response to salmon-mediated contaminant biotransport. Our con-
taminant biotransport model predicted with reasonable certainty
the observed PCB concentrations in stream-resident fish, but not
observed Hg burdens. The outcome of our modeling suggests that
in tributaries of the Upper Great Lakes, salmon spawners have a
stronger influence on stream-resident fish PCB than Hg burdens.
Furthermore, our model suggests that salmon spawners are the
main source of PCBs to stream-resident fish, while other environ-
mental sources, such as sediment or atmospheric deposition, are
much smaller (cf. Blais 2005; Hornbuckle et al., 2006). These results
are consistent with previous empirical studies in the Great Lakes
(Gerig et al., 2016a,b; Janetski et al., 2012) and native range (Ewald
et al., 1998; Gregory-Eaves et al., 2007), which have found spawn-
ing salmon to be a key factor influencing PCB contaminant loads in
stream-resident fish.

Our model predicted that the PCB concentration of stream-
resident fish was dependent on the spawner biomass present in the
system. Our model predicted an asymptotic relationship whereby
stream-resident fish PCB concentrations increased rapidly at low

salmon spawner biomasses but eventually reached an asymptote
with higher salmon loadings. Prior studies have demonstrated
a similar, saturating relationship between increasing spawner
biomass and uptake of salmon-derived nutrients (Chaloner et al.,
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Fig. 4. Comparison of three different trophic pathways to contamination for Brown Trout, Brook Trout, and Mottled Sculpin resulting from salmon biotransport of poly-
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hlorinated biphenyls (PCB; A.) and Hg (mercury; B.). Pathways to contamination
onsumption of carcasses but no egg consumption (Direct-Carcass); and indirect co
oncentrations for PCB and Hg represent steady state values at the end of the simu

002), or PCB congener patterns (Gerig et al., 2016a,b). These
esults suggest that rate-limiting factors (e.g., nutrient mineraliza-
ion, phase partitioning between media) may  control the rate of
ptake of salmon-derived contaminants by stream-resident fish,
ltimately establishing new steady-state concentrations (cf. Arnot
nd Gobas, 2004; Mackay and Fraser, 2000).

Our model predicted the range of observed PCB concentrations
ith a high degree of accuracy. However, the model overestimated

CB concentrations at low spawner biomasses and underesti-
ated PCB concentrations at high spawner biomasses. Therefore,

he model may  overestimate the degree of dietary switching that
ccurs when salmon material (e.g., eggs) is available at low spawner
iomasses (cf. Christensen and Walters, 2004). Further, when
almon resources are abundant, our model may have been param-
terized conservatively and underestimated the extent dietary
witching between salmon eggs and other prey types. Overall, our
eterministic model likely did not account for the full range of
ariation in consumer diets, which likely contributes to this dis-
repancy (Gerig et al., 2016a,b). In the future, an individual-based
odel that accounts for variability in stream-resident fish diets

cross a range of spawning biomasses could be used to explore
his important source of variation (cf. Moore et al., 2008).

Our model did not accurately predict observed Hg concentra-
ions in stream-resident fish across any scenarios. For all species in
ur baseline simulation, Hg concentrations decreased over time to

 lower, non-zero steady-state. Similarly, for our biomass scenarios,
o predicted Hg concentrations fell within the range of observed
alues. The inability of our model to accurately predict Hg con-
entrations suggests that stream-resident fish bioaccumulation is
ontrolled by Hg sources other than salmon. Prior studies have
ound that watershed size, primary production rate, pH, proportion
f watershed in forested and wetland land cover types, and proxim-

ty to contaminated sediments influence Hg bioaccumulation (Tsui
t al., 2009; Ward et al., 2010). Within our model, we ignored back-
round sources of Hg to explicitly consider the role of salmon as

 vector of Hg in tributaries of the Upper Great Lakes. However,

uture model refinements focused on Hg bioaccumulation should
onsider alternate sources of Hg.

No previous study in the Great Lakes has quantified the impact
f salmon spawning on the Hg burdens of stream-resident fish.
ded direct consumption of eggs but no carcass consumption (Direct-Eggs); direct
ption of contaminated invertebrates but no carcass or egg consumption (Indirect).

s.

However, in a Lake Ontario stream, spawning salmon increased
Hg concentrations in water and invertebrates, with the highest Hg
concentrations found in aquatic invertebrates feeding directly on
salmon carcasses (Sarica et al., 2004). In contrast, within the native
range of Pacific salmon, resident fish where salmon spawn have
lower mercury burdens than those in areas inaccessible to salmon
(Baker et al., 2009). Similarly, Lake Trout residing in streams with
anadromous Arctic Charr have lower mercury concentrations than
in streams lacking Charr (Swanson et al., 2010). These differences
among studies may  reflect differential partitioning of PCBs and Hg
between salmon egg and carcass tissues, and contrasts in dietary
composition among species. Mercury binds to cysteine protein in
muscle tissue (Kuwabara et al., 2007), while PCBs are fat-soluble
and accumulate in lipid-rich tissues, such as fish eggs (Harmelin-
Vivien et al., 2012). Thus, direct consumption of eggs could lead to
increased PCB accumulation based upon differences in contaminant
partitioning among tissues. Further, in our model, consumption of
invertebrates feeding on salmon carcasses resulted in the largest
increases in Hg contamination, suggesting that indirect pathways
may  be most important to Hg accumulation. However, because pre-
dicted mercury concentrations from these scenarios were 2–4X
lower than observed concentrations, we suspect that the flux of
Hg from background sources exceeds that supplied by salmon, and
largely determines species-specific rates of bioaccumulation (cf.
Baker et al., 2009).

Our model revealed species-specific differences in the rate of
bioaccumulation for both PCBs and Hg. For all baseline simula-
tions, Brook and Brown Trout contaminant characteristics started
similarly, but Brown Trout finished all simulations with higher
contaminant concentrations. By contrast, Mottled Sculpin consis-
tently showed the lowest contaminant concentrations. Modeled
species-specific differences in PCB and Hg accumulation are sim-
ilar to published empirical results (Merna, 1986; Janetski et al.,
2012; Swanson et al., 2003), which suggest that diet, growth, and
trophic structure drives this pattern (Clements et al., 2012). In our
model, both Brook Trout and Brown Trout are drift feeders, and

their diet composition was  similar (Zimmerman and Vondracek,
2007). In addition, stream-resident fish readily consume salmon
eggs in large quantities when available (Ivan et al., 2011; Johnson
et al., 2016), which are considered an important route for contami-
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ant exposure in our model. In contrast to Brook and Brown Trout,
ottled Sculpin are benthic foragers that consume smaller num-

ers of salmon eggs as a function of gape limitation and habitat use
Merna, 1986; Stauffer, 1971).

Contrasting growth rates may  also influence species-specific
ates of bioaccumulation in our model. In EwE, growth rate
f each functional group was modeled using the production to
iomass ratio (P/B), which is a measure of biomass turnover rate
Christensen and Walters, 2004). In our model, the P/B ratio was
et at 0.34, 0.66, and 1.50 yr−1 for Brown Trout, Brook Trout, and
ottled Sculpin, respectively (Randall and Minns, 2000). We  found

hat higher P/B ratios resulted in lower contaminant concentra-
ions, similar to prior studies (Trudel and Rasmussen, 2006; Ward
t al., 2009). This pattern suggests that fish species that grow slower
nd live longer can become more contaminated from increased
ontaminant exposure. Thus, widely stocked Brown Trout may
resent a greater risk with respect to human consumption advi-
ories because of species-specific life history characteristics (e.g.,
ncreased longevity, slow growth), which lead to higher rates of
ontaminant accumulation.

.2. Management implications

Our model improves our understanding of the risks to ecosys-
em and human health associated with contaminant biotransport.
ish consumption advisories are widespread, with over 40% of the
otal U.S. stream length listed as impaired due to bioaccumulative
ontaminants (USEPA, 2004). However, assessments for fish con-
umption advisories generally do not account for biotransported
ontaminants (Michigan DEQ, 2014). This omission is potentially
ignificant. For example, based on our modeled assessment, Brook
nd Brown Trout PCB tissue concentrations were high enough to
arrant restrictive consumption advisories of no more than one
eal per month based on US EPA criteria (USEPA, 2000). To begin

ontrolling salmon biotransport, management agencies could use
ur model to determine appropriate salmon escapement levels into
treams, which could limit contaminant transfer from salmon.

The ability of our model to predict observed PCB concentrations
as important implications for future management and research of
ontaminant biotransport in the Great Lakes. Over 1000 contami-
ants have been identified in the Great Lakes, and one third of those
ave potentially toxic effects on aquatic biota, wildlife, and human
ealth (Murphy et al., 2012; USEPA, 2000). Moreover, the contam-

nants examined in our study represent only two  of twenty-two
nown bioaccumulative chemicals of concern (BCCs) found in the
reat Lakes (USEPA, 1995). Legacy pollutants such as Mirex, Dield-

in, and Chlordane all exhibit similar physicochemical properties
o PCBs, and are likely subject to biotransport by Pacific salmon
O’Toole et al., 2006; USEPA, 1995). Since these chemicals accu-

ulate in tissues similar to PCBs, our model could be amended to
redict concentrations of other contaminants by obtaining contam-

nant concentrations for salmon tissue, eggs, and stream-resident
sh.

Our model could also be tailored to advance our understand-
ng of ecosystem-level impacts of emerging contaminants. For
nstance, a global synthesis characterizing bioaccumulation poten-
ial for organic chemicals (OCs) was recently published (Walters
t al., 2016). This synthesis suggests that bioaccumulation of OCs
ncreases for compounds that are moderately hydrophobic and
esistant to metabolic transformation. Our model could be inte-
rated with this information to assess potential ecosystem impacts
f emerging bioaccumulative OCs, such as perfluorooctane sul-

onate, perfluorooctanoic acid, and pentachloroanilsole (USEPA,
013). This may  be a particularly useful application of our model
ecause adequately screening potential chemicals, which present
egional and global risk, remains challenging (Walters et al., 2016).
delling 355 (2017) 39–48

In the future, researchers could use a similar model to forecast
potential impacts of biotransported chemicals across a wide-array
of ecosystems and potential contaminant biovectors.

The ability to trace contaminants using ecosystem simulations
is also useful for understanding the dynamics of contaminant
accumulation. This utility is reflected in the increased use of mass-
balance food web  models coupled to bioaccumulation models in
contaminant tracing studies (Larsen et al., 2016; Taffi et al., 2015).
However, quantitative models to evaluate contaminant biotrans-
port are lacking in the literature (Kallenborn and Blais, 2015).
Historically, direct anthropogenic loading and atmospheric trans-
port have been considered the most important pathways when
considering transport and deposition of bioaccumulative pollutants
(Blais et al., 2007; Hornbuckle et al., 2006). While perhaps true glob-
ally, this approach ignores the potentially large, localized impact of
migratory organisms, such as salmon and other fishes (Blais et al.,
2007 and Kallenborn and Blais, 2015). While several studies have
examined empirical relationships regarding contaminant biotrans-
port in fish (Gregory-Eaves et al., 2007 and Janetski et al., 2012) and
birds (Brimble et al., 2009; Michelluti et al., 2010), ours is the first
study to apply an ecosystem model to contaminant biotransport.

The Ecopath with Ecosim (EwE) ecosystem-modeling platform
has been applied to a diversity of systems to inform ecosystem-
based management of fisheries. At present, over 1000 studies have
used EwE models (Coll et al., 2015), but comparatively few have
used the Ecotracer component; notable exceptions include Booth
and Zeller (2005), and Larsen et al. (2016). While Ecotracer has
been used to track contaminant bioaccumulation in food webs,
our study is the first to directly assess the predictive ability of
EwE  with Ecotracer for two different contaminants, and to directly
assess Pacific salmon contaminant biotransport. Despite the rel-
atively simple parameterization, our Ecotracer model reasonably
predicted the concentrations of PCBs in multiple stream-resident
fish species, suggesting potential for further development and use
of this approach. However, our model was  unable to predict Hg con-
centrations in resident fish because background sources appear to
be more important to bioaccumulation of Hg than salmon. If future
models are augmented with background sources of contaminants,
predictions could potentially be improved.

5. Conclusions

Our study represents the first use of an ecosystem simulation
model to quantify contaminant biotransport by salmon spawners.
We demonstrated that EwE  with Ecotracer is an effective tool to
predict the PCB concentration of stream-resident fish in Great Lakes
tributaries exposed to contaminants biotransported by Pacific
salmon. However, our model was unable to accurately predict
observed patterns of Hg bioaccumulation, suggesting that salmon
play a minor role in Hg accumulation dynamics in stream-resident
fish. Our model also highlights how species-specific differences in
diet, growth, and trophic pathway can affect the magnitude of con-
taminant burdens in stream-resident fish. Furthermore, insights
from our study suggest that a similar EwE approach could be used
to evaluate other legacy and emerging bioaccumulative contami-
nants. Such models could prove useful for providing managers with
critical information about the role of migratory fishes and potential
impacts on fish, wildlife, and humans in those systems.

Acknowledgements
We thank personnel of the Michigan Department of Natural
Resources including James Johnson, Troy Zorn, and Dave Clapp
for access to biomass data from Hunt Creek Fisheries Research
Station. Mike Brueseke of the University of Notre Dame (UND) pro-



al Mo

v
E
i
t
G
a
m

A

t
0

R

A

B

B

B

B

B

C

C

C

C

C

C

C

D

E

G

G

G

G

G

H

L.M. McGill et al. / Ecologic

ided logistical and lab support. We  also thank the UND Center for
nvironmental Science and Technology for access to instruments

ncluding the DMA-80 mercury analyzer. Funding was provided by
he Great Lakes Fishery Trust (grant #2012.1244), and the UND
lynn Family Honors Program. In addition, BSG was supported by

 STAR Fellowship (#F13F11071) from the United States Environ-
ental Protection Agency.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at http://dx.doi.org/10.1016/j.ecolmodel.2017.
3.027.

eferences

rnot, J.A., Gobas, F.A., 2004. A food web bioaccumulation model for organic
chemicals in aquatic ecosystems. Environ. Toxicol. Chem. 23, 2343–2355.

aker, M.R., Schindler, D.E., Holtgrieve, G.W., St Louis, V.L., 2009. Bioaccumulation
and transport of contaminants: migrating sockeye salmon as vectors of
mercury. Environ. Sci. Technol. 43, 8840–8846.

lais, J.M., MacDonald, R.W., Mackay, D., Webster, E., Harvey, C., Smol, J.P., 2007.
Biologically mediated transport of contaminants to aquatic systems. Environ.
Sci.  Technol. 41, 1075–1084.

lais, J.M., 2005. Biogeochemistry of persistent bioaccumulative toxicants:
processes affecting the transport of contaminants to remote areas. Can. J. Fish.
Aquat. Sci. 62, 236–243.

ooth, S., Zeller, D., 2005. Mercury food webs, and marine mammals: implications
of  diet and climate change for human health. Environ. Health Perspect. 113,
521–526.

rimble, S.K., Foster, K.L., Mallory, M.L., Macdonald, R.W., Smol, J.P., Blais, J.M.,
2009. High Arctic ponds receiving biotransported nutrients from a nearby
seabird colony are also subject to potentially toxic loadings of arsenic
cadmium, and zinc. Environ. Toxicol. Chem. 28, 2426–2433.

haloner, D.T., Martin, K.M., Wipfli, M.S., Ostrom, P.H., Lamberti, G.A., 2002. Marine
carbon and nitrogen isotopes in southeastern Alaska stream food webs:
evidence from artificial and natural streams. Can. J. Fish. Aquat. Sci. 59,
1257–1265.

hristensen, V., Walters, C.J., 2004. Ecopath with Ecosim: methods capabilities, and
limitations. Ecol. Modell. 172, 109–139.

hristensen, J.R., MacDuffee, M.,  Macdonald, R.W., Whiticar, M.,  Ross, P.S., 2005.
Persistent organic pollutants in British Columbia grizzly bears: consequences
of divergent diets. Environ. Sci. Technol. 39, 6952–6960.

oll, M., Akoglu, E., Arreguin-Sanchez, F., Fulton, E.A., Gascuel, D., Heymans, J.J.,
Libralato, S., Mackinson, S., Palomera, I., Piroddi, C., Shannon, L.J., Steenbeek, J.,
Villasante, S., Christensen, V., 2015. Modelling dynamic ecosystems: venturing
beyond boundaries with the Ecopath approach. Rev. Fish Biol. Fish. 25,
413–424.

olleter, M.,  Valls, A., Guitton, J., Gascuel, D., Pauly, D., Christensen, V., 2015. Global
overview of the applications of the Ecopath with Ecosim modeling approach
using the EcoBase models repository. Ecol. Modell. 302, 42–53.

ollins, S.F., Moerke, A.H., Chaloner, D.T., Janetski, D.J., Lamberti, G.A., 2011.
Response of dissolved nutrients and periphyton to spawning Pacific salmon in
three northern Michigan streams. J. North Am.  Benthol. Soc. 30, 831–839.

ummins, K.W., 1973. Trophic relations of aquatic insects. Annu. Rev. Entomol. 18,
183–206.

ettmers, J.M., Goddard, C.I., Smith, K.D., 2012. Management of alewife using
Pacific salmon in the Great Lakes: whether to manage for economics or the
ecosystem? Fisheries 37, 495–501.

wald, G., Larsson, P., Linge, H., Okla, L., Szarzi, N., 1998. Biotransport of organic
pollutants to an inland Alaska lake by migrating sockeye salmon
(Oncorhynchus nerka). Arctic 51, 40–47.

erig, B.S., Chaloner, D.T., Janetski, D.J., Rediske, R.R., O’Keefe, J.P., Moerke, A.H.,
Lamberti, G.A., 2016a. Congener patterns of persistent organic pollutants
establish the extent of contaminant biotransport by Pacific Salmon in the Great
Lakes. Environ. Sci. Technol. 50, 554–563.

erig, B.S., Weber, D.N., Chaloner, D.T., McGill, M.M.,  Lamberti, G.A., 2016b.
Interactive effects of introduced Pacific salmon and Brown Trout on native
Brook Trout: an experimental and modeling approach. Can. J. Fish. Aquat. Sci.,
In  review.

regory-Eaves, I., Demers, M.J., Kimpe, L., Krümmel, E.M., Macdonald, R.W., Finney,
B.P., Blais, J.M., 2007. Tracing salmon-derived nutrients and contaminants in
freshwater food webs across a pronounced spawner density gradient. Environ.
Toxicol. Chem. 26, 1100–1108.

root, C., Margolis, L. (Eds.), 1991. Pacific Salmon Life Histories. University of
British Columbia Press, Vancouver, BC, Canada, 564 pp.
rossman, G.D., Nuhfer, A., Zorn, T., Sundin, G., Alexander, G., 2012. Population
regulation of Brook Trout (Salvelinus fontinalis) in Hunt Creek: Michigan: a
50-year study. Freshw. Biol. 57, 1434–1448.

armelin-Vivien, M.,  Bodiguel, X., Charmasson, S., Loizeau, V., Mellon-Duval, C.,
Tronczynski, J., Cossa, D., 2012. Differential biomagnification of PCB PBDE, Hg,
delling 355 (2017) 39–48 47

and Radiocesium in the food web  of the European hake from the NW
Mediterranean. Mar. Pollut. Bull. 64, 974–983.

Harvey, E., Cappo, M.,  Shortis, M.,  Robson, S., Buchanan, J., Speare, P., 2003. The
accuracy and precision of underwater measurements of length and maximum
body depth of southern bluefin tuna (Thunnus maccoyii) with a stereo–video
camera system. Fish. Res. 63, 315–326.

Heymans, J.J., Coll, M.,  Link, J.S., Mackinson, S., Steenbeek, J., Walters, C.,
Christensen, V., 2016. Best practice in Ecopath with Ecosim models for
ecosystem-based management. Ecol. Modell. 331, 173–184.

Hornbuckle, K.C., Carlson, D.L., Swackhamer, D.L., Baker, J.E., Eisenreich, S.J., 2006.
Polychlorinated biphenyls in the Great Lakes. In: Persistent Organic Pollutants
in the Great Lakes. Springer, New York, pp. 13–70.

International Joint Commission, 2015. Atmospheric Deposition of Mercury in the
Great Lakes Basin. IJC, Windsor, Ontario, Canada.

Ivan, L.N., Rutherford, E.S., Johengen, T.H., 2011. Impacts of adfluvial fish on the
ecology of two  Great Lakes tributaries. Trans. Am.  Fish. Soc. 140, 1670–1682.

Janetski, D.J., Chaloner, D.T., Moerke, A.H., Rediske, R.R., O’Keefe, J.P., Lamberti, G.A.,
2012. Resident fishes display elevated organic pollutants in salmon spawning
streams of the Great Lakes. Environ. Sci. Technol. 46, 8035–8043.

Janetski, D.J., Chaloner, D.T., Moerke, A.H., Levi, P.S., Lamberti, G.A., 2014. Novel
environmental conditions alter subsidy and engineering effects by introduced
Pacific salmon. Can. J. Fish. Aquat. Sci. 71, 502–513.

Johnson, J.H., Chalupnicki, M.A., Abbett, R., Verdoliva, F., 2016. Predation on Pacific
salmonid eggs and carcass’s by subyearling Atlantic salmon in a tributary of
Lake Ontario. J. Great Lakes Res. 42, 472–475.

Kallenborn, R., Blais, J.M., 2015. Tracking contaminant transport from biovectors.
In:  Rosen, M.R., Smol, J.P. (Eds.), Environmental Contaminants. Springer
Netherlands, Dordrecht, Netherlands, 801 pp.

Kuwabara, J.S., Arai, Y., Topping, B.R., Pickering, I.J., George, G.N., 2007. Mercury
speciation in piscivorous fish from mining-impacted reservoirs. Environ. Sci.
Technol. 41, 2745–2749.

Larsen, L.H., Sagerup, K., Ramsvatn, S., 2016. The mussel path – using the
contaminant tracer Ecotracer, in Ecopath to model the spread of pollutants in
an  Arctic marine food web. Ecol. Modell. 331, 77–85.

Mackay, D., Fraser, A., 2000. Bioaccumulation of persistent organic chemicals:
mechanisms and models. Environ. Pollut. 110, 375–391.

Merna, J.W., 1986. Contamination of stream fishes with chlorinated hydrocarbons
from eggs of Great Lakes salmon. Trans. Am.  Fish. Soc. 115, 69–74.

Meyer, E., Poepperl, R., 2004. Assessing food-web structure matter fluxes, and
system attributes of a Central European mountain stream by performing
mass-balanced network analysis. Can. J. Fish. Aquat. Sci. 61, 1565–1581.

Michigan Department of Environmental Quality, 2014. Fish Contaminant
Monitoring Program: A Summary of Edible Portion Sampling Effort and
Analytical Results with Recommendations for Updates to the Michigan
Department of Community Health Eat Safe Fish Guide. Michigan Department
of  Environmental Quality, Lansing, MI.

Moore, J.W., Schindler, D.E., Ruff, C.P., 2008. Habitat saturation drives thresholds in
stream subsidies. Ecology 89, 306–312.

Murphy, C.A., Bhavasar, S.P., Gandhi, N., 2012. Contaminants in Great Lakes fish:
historic, current, and emerging contaminants. In: Taylor, W.W.,  Lynch, A.J.,
Leonard, N.J. (Eds.), Great Lakes Fisheries Policy and Management: A Binational
Perspective. Michigan State University Press, Lansing, MI,  880 pp.

O’Toole, S., Metcalfe, C., Craine, I., Gross, M.,  2006. Release of persistent organic
contaminants from carcasses of Lake Ontario Chinook salmon (Oncorhynchus
tshawytscha). Environ. Pollut. 140, 102–113.

Randall, R.G., Minns, C.K., 2000. Use of fish production per unit biomass ratios for
measuring the productive capacity of fish habitats. Can. J. Fish. Aquat. Sci. 57,
1657–1667.

Sarica, J., Amyot, M., Hare, L., Doyon, M.,  Stanfield, L., 2004. Salmon-derived
mercury and nutrients in a Lake Ontario spawning stream. Limnol. Oceanogr.
49,  891–899.

Scheuerell, M.D., Moore, J.W., Schindler, D.E., Harvey, C.J., 2007. Varying effects of
anadromous sockeye salmon on the trophic ecology of two species of resident
salmonids in southwest Alaska. Freshw. Biol. 52, 1944–1956.

Schindler, D.E., Scheuerell, M.D., Moore, J.W., Gende, S.M., Francis, T.B., Palen, W.J.,
2003. Pacific salmon and the ecology of coastal ecosystems. Front. Ecol.
Environ. 1, 31–37.

Stauffer, T.M., 1971. Salmon eggs as food for stream salmonids and Sculpins.
Michigan Department of Natural Resources, Research and Development,
Report No. 233, Lansing, MI.

Swanson, H.K., Johnston, T.A., Leggett, W.C., Bodaly, R.A., Doucett, R.R., Cunjak, R.A.,
2003. Trophic positions and mercury bioaccumulation in rainbow smelt
(Osmerus mordax) and native forage fishes in northwestern Ontario lakes.
Ecosystems 6, 289–299.

Taffi, M., Paoletti, N., Lio, P., Pucciarelli, S., Marini, M.,  2015. Bioaccumulation
modelling and sensitivity analysis for discovering key players in contaminated
food webs: the case study of PCBs in the Adriatic Sea. Ecol. Modell. 306,
206–215.

Trudel, M.,  Rasmussen, J.B., 2006. Bioenergetics and mercury dynamics in fish: a
modelling perspective. Can. J. Fish. Aquat. Sci. 63, 1890–1902.

Tsui, M.T.K., Finlay, J.C., Nater, E.A., 2009. Mercury bioaccumulation in a stream

network. Environ. Sci. Technol. 43, 7016–7022.

United States Environmental Protection Agency, 1995. Final Water Quality
Guidance for the Great Lakes System. U.S. Environmental Protection Agency,
Washington, DC.

http://dx.doi.org/10.1016/j.ecolmodel.2017.03.027
http://dx.doi.org/10.1016/j.ecolmodel.2017.03.027
http://dx.doi.org/10.1016/j.ecolmodel.2017.03.027
http://dx.doi.org/10.1016/j.ecolmodel.2017.03.027
http://dx.doi.org/10.1016/j.ecolmodel.2017.03.027
http://dx.doi.org/10.1016/j.ecolmodel.2017.03.027
http://dx.doi.org/10.1016/j.ecolmodel.2017.03.027
http://dx.doi.org/10.1016/j.ecolmodel.2017.03.027
http://dx.doi.org/10.1016/j.ecolmodel.2017.03.027
http://dx.doi.org/10.1016/j.ecolmodel.2017.03.027
http://dx.doi.org/10.1016/j.ecolmodel.2017.03.027
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0020
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0150
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0185
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0185
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0185
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0185
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0185
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0185
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0185
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0185
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0185
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0185
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0185
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0185
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0245


4 al Mo

U

U

U

W

W

W

Sugihara, G., 2015. Equation-free mechanistic ecosystem forecasting using
empirical dynamic modeling. Proc. Natl. Acad. Sci. 112, 1569–1576.

Zimmerman, J., Vondracek, B., 2007. Interactions between slimy Sculpin and Trout:
slimy Sculpin growth and diet in relation to native and nonnative Trout. Trans.
Am.  Fish. Soc. 136, 1791–1800.
8 L.M. McGill et al. / Ecologic

nited States Environmental Protection Agency, 2000. Guidance for Assessing
Chemical Contaminant Data for Use in Fish Advisories, Volume 2, Risk
Assessment and Fish Consumption Limits. U.S. Environmental Protection
Agency, Washington, DC.

nited States Environmental Protection Agency, 2004. National Water Quality
Inventory Report. U.S. Environmental Protection Agency, Washington, DC.

nited States Environmental Protection Agency, 2013. 2011 National Listing of
Fish Advisories Technical Fact Sheet. U.S. Environmental Protection Agency,
Washington, DC.

alters, D.M., Jardine, T.D., Cade, B.S., Kidd, K.A., Muir, D.C., Leipzig-Scott, P., 2016.
Trophic magnification of organic chemicals: a global synthesis. Environ. Sci.
Technol. 50, 4650–4658.

ard, D.M., Nislow, K.H., Chen, C.Y., Folt, C.L., 2009. Rapid: efficient growth

reduces mercury concentrations in stream-dwelling Atlantic salmon. Trans.
Am.  Fish. Soc. 139, 1–10.

ard, D.M., Nislow, K.H., Folt, C.L., 2010. Bioaccumulation syndrome: identifying
factors that make some stream food webs prone to elevated mercury
bioaccumulation. Ann. N. Y. Acad. Sci. 1195, 62–83.
delling 355 (2017) 39–48

Warren, D.R., Harvey, C.J., McClure, M.M.,  Sanderson, B.L., 2014. Use of an
ecosystem-based model to evaluate alternative conservation strategies for
juvenile Chinook salmon in a headwater stream. North Am.  J. Fish. Manage. 34,
840–852.

Wills, T.C., Baker, E.A., Nuhfer, A.J., Zorn, T.G., 2006. Response of the benthic
macroinvertebrate community in a northern Michigan stream to reduced
summer streamflows. River Res. Appl. 22, 819–836.

Ye, H., Beamish, R.J., Glaser, S.M., Grant, S.C., Hsieh, C.H., Richards, L.J., Schnute, J.T.,

http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0285
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30794-3/sbref0295

	An ecosystem model for evaluating the effects of introduced Pacific salmon on contaminant burdens of stream-resident fish
	1 Introduction
	2 Materials and methods
	2.1 Study site
	2.2 Ecopath model
	2.3 Ecosim simulation
	2.4 Ecotracer simulation
	2.5 Model scenarios

	3 Results
	3.1 PCB accumulation
	3.2 Hg accumulation

	4 Discussion
	4.1 Implications for understanding contaminant biotransport
	4.2 Management implications

	5 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	References


