Aquatic Toxicology 150 (2014) 151-158

journal homepage: www.elsevier.com/locate/aquatox

Contents lists available at ScienceDirect

Aquatic Toxicology

Exposure to waterborne Cu inhibits cutaneous Na* uptake in
post-hatch larval rainbow trout (Oncorhynchus mykiss)

@ CrossMark

Alex M. Zimmer®”*, Colin J. Brauner®, Chris M. Wood "

a Department of Biology, McMaster University, Hamilton, ON, Canada L8S 4K1
b Department of Zoology, University of British Columbia, Vancouver, BC, Canada V6T 124

ARTICLE INFO

Article history:

Received 21 January 2014

Received in revised form 24 February 2014
Accepted 2 March 2014

Available online 11 March 2014

Keywords:

Copper (Cu)

Larval rainbow trout (Oncorhynchus mykiss)
Ammonia excretion (Jamm)

Na* uptake (J1?)

Biotic ligand model

Cutaneous metal toxicity

ABSTRACT

In freshwater rainbow trout (Oncorhynchus mykiss), two common responses to acute waterborne copper
(Cu) exposure are reductions in ammonia excretion and Na* uptake at the gills, with the latter represent-
ing the likely lethal mechanism of action for Cu in adult fish. Larval fish, however, lack a functional gill
following hatch and rely predominantly on cutaneous exchange, yet represent the most Cu-sensitive life
stage. It is not known if Cu toxicity in larval fish occurs via the skin or gills. The present study utilized
divided chambers to assess cutaneous and branchial Cu toxicity over larval development, using disrup-
tions in ammonia excretion (Jymm) and Na* uptake (]i“r‘f) as toxicological endpoints. Early in development
(early; 3 days post-hatch; dph), approximately 95% of Jamm and 78% of]i“['f occurred cutaneously, while in
the late developmental stage (late; 25 dph), the gills were the dominant site of exchange (83 and 87% of
Jamm and]i“"f, respectively). Exposure to 50 pg/l Cu led to a 49% inhibition of J;mm in the late developmental
stage only, while in the early and middle developmental (mid; 17 dph) stages, Cu had no effect on Jamm .]i’;'f,
however, was significantly inhibited by Cu exposure at the early (53% reduction) and late (47% reduction)
stages. Inhibition at the early stage of development was mediated by a reduction in cutaneous uptake,
representing the first evidence of cutaneous metal toxicity in an intact aquatic organism. The inhibitions
of both Jamm and ]i’:‘f in the late developmental stage occurred via a reduction in branchial exchange only.
The differential responses of the skin and gills to Cu exposure suggest that the mechanisms of J,mm and
JN and/or Cu toxicity differ between these tissues. Exposure to 20 g/l Cu revealed that Jamm is the more
Cu-sensitive process. The results presented here have important implications in predicting metal tox-
icity in larval fish. The Biotic Ligand Model (BLM) is currently used to predict metal toxicity in aquatic
organisms. However, for rainbow trout this is based on gill binding constants from juvenile fish. This may
not be appropriate for post-hatch larval fish where the skin is the site of toxic action of Cu. Determining
Cu binding constants and lethal accumulation concentrations for both skin and gills in larval fish may
aid in developing a larval fish-specific BLM. Overall, the changing site of toxic action and physiology of
developing larval fish present an interesting and exciting avenue for future research.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

entering the organism and acting on downstream target organs
(reviewed by Grosell, 2012). Cu exposure leads to a wide array of

Copper (Cu) is both an essential element and a persistent con-
taminant in aquatic systems that has toxic effects at elevated levels.
Like most metals, Cu elicits toxicity by first binding to a ligand on
the surface of aquatic organisms, usually considered to be located
on the gills in fish, and acting either directly on the ligand or
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toxic effects including alterations in behaviour, olfaction, ionoreg-
ulation, nitrogenous waste excretion, and swimming performance
(see Grosell, 2012). However, the key lethal mechanism of action
of Cu exposure in freshwater fish is believed to be the reduction
of whole-body Na* levels, caused by an inhibition of branchial Na*
uptake (Lauren and McDonald, 1985, 1987a,b; Grosell and Wood,
2002). This understanding has led to the development of a Biotic
Ligand Model (BLM) for the prediction of waterborne Cu toxicity
(MacRaeetal., 1999; DiToro et al.,2001; Santore et al.,2001; Paquin
et al., 2002; Niyogi and Wood, 2004).

Since Cu is potentially bioavailable in the environment to
all aquatic organisms, a number of studies have focused on
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determining the most Cu-sensitive species and life stages (see
Grosell, 2012). In general, it appears that aquatic invertebrates
represent the most sensitive group of species (e.g., Santore et al.,
2001), likely due to the small size of these animals. Indeed, animals
with smaller sizes tend to have higher Na* turnover rates and,
therefore, overall greater sensitivity to Cu (Grosell et al., 2002). In
agreement, early life stages of fish, being smaller in size, appear to
be overall more sensitive to Cu than fish in later life stages (McKim
et al,, 1978; Rombough and Garside, 1982).

In larval fish, it is unclear if Cu elicits its toxic effects exclu-
sively at the gills or if the skin is also sensitive to exposure to Cu.
Immediately following hatch, the branchial structures are undevel-
oped, having no lamellae and only small filament buds, leading to
an overall small gill surface area (Gonzalez et al., 1996; Rombough,
1999). As such, normal branchial functions, such as ionoregula-
tion, gas transfer, and nitrogenous waste excretion (see Evans et al.,
2005) are minimal. Instead, larval fish utilize cutaneous surfaces for
the bulk of physiological exchanges with the environment. Indeed,
in rainbow trout (Oncorhynchus mykiss) the skin is known to be
the primary site for oxygen uptake, Na* uptake, and ammonia
excretion immediately following hatch (Wells and Pinder, 1996; Fu
et al., 2010; Zimmer et al., 2014). As fish develop, the gills become
functional and eventually become responsible for the majority of
exchanges (Fu et al., 2010; Zimmer et al., 2014). Given that the
primary site for Cu binding is generally considered to be the gill
in fish (e.g., MacRae et al., 1999), Cu toxicity might be predicted
to be a function of gill surface area. However, in larval topsmelt
(Atherinops affinis), McNulty et al. (1994) could not attribute Cu
sensitivity specifically to changes in gill surface area as both gill
and skin surface areas increased over development, similar to pre-
vious observations in rainbow trout (Rombough, 1999). Conversely,
the increase in sensitivity which occurs over larval development in
fish (e.g., Chapman, 1978; McNulty et al., 1994) may be a function
of mitochondrial rich cell (MRC) numbers which increase rapidly
in the gills following hatch and are also present on skin surfaces of
post-hatch fish (Rombough, 1999).

The goal of the present study was to determine the site-
dependent responses (gills versus skin) to waterborne Cu exposure
in larval rainbow trout over development, using the inhibitions
of ammonia excretion (Jamm) and Na* uptake (]i’;’la) as toxicologi-
cal endpoints. These endpoints were chosen because disruptions
in both Na* and ammonia balance are two of the most commonly
observed effects of Cu exposure in freshwater fish (see Grosell,
2012 for review), the two processes are thought to be mecha-
nistically linked, at least in adult trout (Tsui et al., 2009; Wright
and Wood, 2009), and both Jymm (Zimmer et al., 2014) and ]i':‘f
(Fu et al., 2010; Zimmer et al., 2014) are known to progress from
the skin to the gills during larval development over a similar time
frame.

Larval trout were exposed to two sublethal concentrations of
waterborne Cu at three stages of development following hatch but
prior to complete yolk sac absorption to determine the effects of
Cu on whole-body Jamm and]i';‘la. Additional experiments were con-
ducted to determine gill and skin-specific responses to Cu exposure
using divided chambers identical to those used in previous studies
(Fu et al.,, 2010; Zimmer et al., 2014), which allowed for the esti-
mation of cutaneous and branchial fluxes. We hypothesized that
if Cu exposure inhibited either Jamm or]i';'f immediately following
hatch, that this would occur via blockade of cutaneous exchanges
as the skin accounts for the majority of both processes at this stage
(Fu et al.,, 2010; Zimmer et al., 2014). Alternatively, Cu may elicit
its effects solely via the gills, inhibiting the small proportion of
exchange occurring branchially at this stage. If the skin proves to
be responsive to waterborne Cu exposure, this may have important
implications for the development of a BLM for the prediction of Cu
toxicity (Di Toro et al., 2001) which is specific for larval fish.

2. Materials and methods
2.1. Fish

Rainbow trout (Oncorhynchus mykiss) were obtained by dona-
tion from the Vancouver Island Trout Hatchery in Duncan, BC,
Canada. Trout were received at three developmental stages, eyed
embryos (230 accumulated thermal units (ATUs)), post-hatch lar-
vae (420 ATUs), and larvae near-yolk sac absorption (349 ATUs). All
fish were held in soft, dechlorinated Vancouver Metro tap water
(in mM: Na*, 0.06; Cl-, 0.05; Ca2*, 0.03; Mg2*, 0.007; K*, 0.004;
dissolved organic carbon (DOC), 2-3mg(C/l; alkalinity, 3.0 mg/1
CaCOs3; hardness, 3.3 mg/l CaCOs3; pH 7.0) at 10°C at the Univer-
sity of British Columbia in Vancouver, BC. Approximately 200 trout
embryos or larvae of each developmental stage were maintained
in 3 separate 3-1 containers with aerated, dechlorinated Vancouver
tapwater exchanged daily. Fish were never fed exogenously and
were held in these conditions for at least 5 days prior to experi-
mentation. Experiments were performed on fish at the following
developmental stages, referred to subsequently as: early: 3 days
post-hatch (dph) (330 ATUs); mid: 17 dph (470 ATUs); and late:
25dph (550 ATUs).

2.2. Experimental Design

2.2.1. Series 1

An initial series of experiments was conducted to determine
the effects of sublethal Cu exposure (50 g/l Cu as CuSO4, nominal
concentration) on whole-body ammonia excretion (Jamm) and Na*
uptake Ui"r’la) at the different stages of larval development. Fish in
the early, mid, and late developmental stages were placed individu-
ally in small (25 ml) plastic beakers containing 5 ml (early and mid)
or 10 ml (late) water containing nominal O (control) or 50 pg/l Cu.
Fish were pre-exposed to these conditions for a 3-h period to allow
for the full inhibitory effects of Cu prior to flux measurements;
water was aerated for the duration of this period. Following the
pre-exposure period, 22Na (Amersham Pharmacia Biotech Inc.) was
added to the water to a concentration of 0.05 .Ci/ml and allowed
to mix via aeration for 5min, after which an initial 1-ml sample
was taken for the determination of 22Na radioactivity, [Na], and
total ammonia levels (Tamm) (see below). Following a 1.5-h flux
period, a final 1-ml sample was then taken and fish were euth-
anized with a lethal dose of neutralized MS-222, rinsed 3 times
with 5mM NacCl to removed surface-bound isotope, weighed, and
counted for 22Na radioactivity. A 0.25-ml aliquot of each water
sample was used for counting 22Na radioactivity and measuring
[Na], while the remaining sample was frozen at —20°C until later
Tamm analyses. All subsequent experiments followed the same 3-h
pre-exposure, 1.5-h flux exposure protocol.

2.2.2. Series2

A separate set of control experiments was performed to assess
the effects of clove oil anaesthesia which was used in Series 3 (see
below)to calm larvae in divided chambers. These experiments were
performed in the exactly same manner as those described for the
divided chamber protocol in Series 3 except that fish were left in the
pre-exposure containers for the 1.5-h flux measurement period, not
loaded into divided chambers. In these experiments only nominal 0
and 50 pg/l Cu concentrations were tested; all other experimental
protocols followed those described below for the divided chamber
experiments in Series 3.

2.2.3. Series 3

A third set of experiments was conducted to assess the effects
of exposure to 20 and 50 pg/1 Cu on branchial and cutaneous Jamm
and]i';‘f. The experimental series utilized a divided chamber system



A.M. Zimmer et al. / Aquatic Toxicology 150 (2014) 151-158 153

similar to those employed previously (Fu et al., 2010; Zimmer et al.,
2014). These chambers require fish to be lightly anaesthetized in
order to prevent struggling and experimental stress. As such, fish
from the early, mid, and late developmental stages were initially
anaesthetized using a 50-100 mg/I clove oil solution to reach stage
3 anaesthesia (McFarland, 1959). Following this, fish were placed
in small plastic beakers (25 ml) containing 5 ml (early and mid) or
10ml (late) of aerated dechlorinated tapwater containing 10 mg/l
clove oil to maintain anaesthesia, and nominal O (control), 20, or
50 g/l Cu. Fish were exposed to these media for 3 h and were then
loaded into divided chambers, comprising two half-chambers sep-
arated by a latex dam. The fish was pushed through a small hole
in the dam such that its head, opercula, and pectoral fins were
separated spatially from the rest of its body. The latex dam and
fish were then loaded between the two 5-ml half-chambers which
were secured together using elastic bands. During this process, fish
were kept submerged at all times in “loading containers” (plastic
wash basins) containing 5-1 of water dosed with 10 mg/1 clove oil
and the same nominal Cu concentrations used in the correspond-
ing pre-exposure. Both half-chambers were filled completely with
the corresponding exposure medium and fitted with aeration lines.
The fish were allowed to adjust to this set up for 15 min prior to
experimentation.

Following this settling period, 22Na was added to either the ante-
rior (for determining anterior ]i’;'la) or posterior (for determining
posterior]il;‘]a) half-chamber to a final concentration of 0.05 pw.Ci/ml
and, after 5 min of mixing by aeration, initial 1-ml samples were
taken from both half-chambers. Note that it was necessary to add
the isotope to only one half-chamber per flux (i.e., anterior or pos-
terior, not both) as uptake was calculated as 22Na appearance in the
fish, and sampling of the non-labelled chamber was performed to
detect leaks (see below). Following a 1.5-h flux period, final ante-
rior and posterior samples were taken and fish were removed from
the chambers and allowed to recover in dechlorinated tap water for
amaximum of 5 min. This was done in order to verify that fish were
able to fully recover from anaesthesia and divided chamber treat-
ments within 5 min, which was a requisite for an acceptable flux.
Fish were then euthanized with a lethal dose of neutralized MS-222,
rinsed 3 times with 5 mMNacCl to remove surface-bound isotope,
weighed, and counted for 22Na radioactivity. Another requisite for
acceptable flux was a <10% isotope leak from the loaded chamber
to the unloaded chamber. In cases where fish did not recover from
experimentation within 5min, or there was more than 10% iso-
tope leakage, data were rejected. The success rate of these divided
chamber experiments was, on average, 85% across all developmen-
tal stages and treatments. Water samples from these experiments
were handled in the same manner as those from the experiments
conducted in Series 1.

In all experiments, final water samples were taken for the
measurement of dissolved Cu concentrations. 1-ml samples were
extracted from the final water volume (in Series 3, samples were
taken from the non-isotope loaded side) and were filtered through
0.45 pm membrane filters (Acrodisc syringe filters, Pall Corpora-
tion, USA). These samples were then acidified to 1% HNO3; and
stored at4 °Cuntil further analysis. Water samples for the measure-
ment of dissolved organic carbon concentrations (30 ml; filtered
using 0.45 pm membrane) were taken from the water source used
throughout the experiments periodically over the entire study
period. These samples were stored at 4°C for a maximum of 2
months prior to analysis.

2.3. Analytical techniques and calculations

Water samples were analyzed for water total ammonia con-
centration (Tamm) using the methods described by Verdouw et al.

Table 1
Measured dissolved Cu concentrations in Series 1, Series 2, and 3-h pre-exposures
from Series 3 (A) and in divided chamber exposures from Series 3 (B) (n=15-40).

Nominal concentration Measured dissolved

(rg/l) concentration (p.g/l)
(A)
0 3.43 + 0.47a
20 19.88 + 0.91b
50 46.95 + 1.00c
(B)
0 2.94 + 0.44a
20 14.33 £ 0.91b
50 34.70 + 1.57c

Means not sharing the same letters indicate statistically significant differences
among Cu exposure concentrations by a one-way ANOVA with a Holm-Sidak post
hoc test.

(1978). Jamm (pmol/g/h) was calculated using the following equa-
tion:

(Tammf — Tammi) * V
(M xt) ’

where Tammf and Tammi (umol/l) are final and initial water total
ammonia concentrations, Vis volume (1), M is mass (g), and t is flux
time (h).

Water and fish 22Na gamma radioactivity (counts per minute;
cpm) was measured using a gamma counter (PerkinElmer, Turku,
Finland), while total [Na*] of initial and final water samples was
determined via flame atomic absorption spectrometry (Varian
Australia Pty Ltd, Austr.’;llia).ji';lla (mol/g/h) was calculated using
the following equation:

(1)

jamm =

Na Rfish
Jm h (SAaverage * M s t) ’ 2)
where R, is the gamma radioactivity of the fish (cpm) and
SAaverage is the average of the initial and final specific activities
(cpm/pmol Na) of the exposure medium. Dissolved Cu concen-
trations were measured using graphite furnace atomic absorption
spectrometry (SpectroAA220, Varian, Mulgrave, Australia). During
determinations a National Research Council of Canada reference
standard (TM-15.2; Ottawa, ON, Canada) was used to determine the
percentage recovery of Cu, which was 92 + 2% (n=9) over all deter-
minations. DOC concentration was measured using a Shimadzu
TOC-Vcpyycpn total organic carbon analyzer (Shimadzu Corpora-
tion, Kyoto, Japan). Measurements were made against a prepared
standard solution of potassium phthalate.

2.4. Statistical analyses

All data are reported as mean values + 1 standard error of mean
(SEM). Comparisons between control (nominal O j.g/l Cu exposure)
means over development were made using a one-way ANOVA with
a Student-Newman-Keuls post hoc test. Significant differences
between means of animals exposed to 0 g/l Cu versus means of Cu-
exposed animals under the same conditions were determined using
Student’s unpaired t-tests. Comparisons among dissolved Cu con-
centrations were made using a one-way ANOVA with a Holm-Sidak
post hoc test. Significance in all cases was accepted at the P<0.05
level.

3. Results
3.1. Cu exposure concentrations
Measured dissolved Cu concentrations in Series 1, Series 2,

and in the 3-h pre-exposures from Series 3 did not differ signifi-
cantly from one another and were averaged together (Table 1A).
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Fig. 1. Total ammonia excretion (A; Jamm; pumol/g/h; n=6-12) and sodium uptake
rates (B;]i’;‘f; pmol/g/h; n=6-12)inlarval trout from Series 1 (unrestrained and non-
anaesthetized) exposed to nominal 0 (control) or 50 pg/l Cu in early, mid, and late
developmental stages. Means not sharing the same letters indicate statistically sig-
nificant differences with development. Asterisks represent statistically significant
differences between 50 and 0 pg/l Cu exposure at a given developmental stage.

Dissolved Cu concentrations in these experiments were all signifi-
cantly different from one another and were close to nominal values
(Table 1A).In the divided chamber exposures from Series 3, Cu con-
centrations were generally lower (~70% of nominal values) than in
the exposures described above. However, a significant difference
between each nominal exposure concentration was still observed
(Table 1B).

3.2. Developmental patterns of ]I!X“ and Jamm and effects of
divided chambers and clove oil

In Series 1, Jamm increased progressively from early to late devel-
opmental stages (Fig. 1A), whereas ji"r‘f approximately tripled in
the mid and late developmental stages (not significantly different
from one another) relative to the early stage (Fig. 1B). Overall, fish
in divided chambers (Series 3) exhibited significantly lower total
rates of both Jamm and ]i’;‘la at all developmental stages compared
to those of Series 1 where the larvae were not anaesthetized or
restrained (Table 2). When averaged over all stages, the divided
chamber system reduced J,mm by 53% and ]i';‘l" by 40%. In most cases,
Jamm and ji’;‘f were not significantly different between Series 2 (clove
oil alone) and Series 3 (Table 2), indicating that the depressions of
Jamm and ]i’;'f in Series 3 were mainly due to anaesthesia rather than
to restraint.

Table 2

Ammonia excretion rates (A; Jamm; pmol/g/h; n=6-14) and sodium uptake rates (B;
]i"r’f: wmol/g/h; n=4-12) in developing rainbow trout larvae exposed to nominal 0
or 50 g/l Cu in Series 1 (unrestrained and non-anaesthetized), Series 2 (clove oil
alone), and Series 3 (total divided chamber plus clove oil).

Developmental Exposure Series 1 Series 2 Series 3

stage (pg/l Cu)

(A)

Early 0 0.47 + 0.04a 029 £0.05b  0.15 £ 0.03c
50 0.38 £ 0.04x 0.27 £0.03xy 0.15 £ 0.03y

Mid 0 0.60 + 0.10a 0.56 + 0.09a 0.31 £ 0.04b
50 058 £0.09x 054 +£0.10x 021 £ 0.04y

Late 0 0.81 + 0.07a 0.63 + 0.05ab  0.47 + 0.05b
50 0.58 £ 0.06*x  0.46 £ 0.03*x  0.24 £ 0.04*y

(B)

Early 0 0.21 + 0.03a 0.12 £0.02b  0.17 £ 0.01ab
50 0.13 £ 0.03*x  0.07 £ 0.01*x  0.08 £ 0.01*x

Mid 0 0.64 + 0.10a 0.31 £ 0.05b  0.29 + 0.07b
50 039 £0.10x 033 +£0.08x  0.16 £+ 0.04x

Late 0 0.71 + 0.09a 0.53 £ 0.09ab  0.38 + 0.06b
50 036 £ 0.05*x 027 £ 0.04*x  0.20 £ 0.04*x

Means not sharing the same letters represent flux rates that are significantly dif-
ferent during exposure to nominal 0 (a,b,c) or 50 (x,y,z) pg/l Cu in Series 1, 2, and
3 within a given developmental stage of larval trout. Differences were determined
using a one-way ANOVA with a Student-Newman-Keuls post hoc test. Asterisks
represent means at 50 pg/l Cu that differ significantly from their respective 0 pg/1
Cu compared using Student’s t-test.

In Series 3, fish in the early developmental stage demonstrated
posterior Jymm and ]i':‘]a which were significantly greater than respec-
tive anterior values, accounting for 95 and 78% of total exchange,
respectively (Fig. 2). In contrast, in the late developmental stage,
anterior exchange dominated, accounting for 83% and 87% of total
Jamm and]i’;‘la, respectively (Fig. 2). In the mid developmental stage,
no significant differences existed between anterior and posterior
Jamm Or]il;lla (Fig. 2).

3.3. Effects of Cu exposure

Exposure to nominal 50 pg/l Cu in Series 1 led to a 24% inhi-
bition of Jymm in the late developmental stage only, while Jamm
in early and mid-developmental stages was not affected by Cu
exposure (Fig. 1A). ]{ia, however, was significantly inhibited by
this level of Cu exposure at both the early (38% inhibition) and
late (50% inhibition) developmental stages, while a non-significant
inhibition was observed at the mid-developmental stage (P=0.096;
Fig. 1B). Though absolute values varied, these same stage-specific
responses were also observed in both Series 2 and Series 3
(Table 2).

In Series 3, nominal 50 g/l Cu led to a 53% inhibition of total
]i’;'f in the early developmental stage, while in the late stage, Cu
reduced both total Jamm and ji’;'f by 49% and 47%, respectively (Fig. 3C
and Fig. 4C; Table 2). The mid developmental stage, again, was not
affected by Cu exposure. An additional exposure in Series 3 using
nominal 20 pg/l Cu revealed that only total Jamm in the late stage
was significantly inhibited by this concentration of Cu (Fig. 3C). The
specific site of the inhibitory action of Cu was always that which
dominated exchange (i.e., posterior in early stage; anterior in late
stage). When considering Jamm, the inhibitory effects of Cu seen at
the late stage of development occurred via an inhibition of ante-
rior Jamm, while posterior J,mm was never affected by Cu exposure
(Fig. 3A and B). Inhibition of]i':‘f in the late stage also occurred via
an inhibition of anterior uptake; however, inhibition in the early
stage was driven by a reduction in posterior uptake (Fig. 4A and
4B).
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Fig. 2. Anterior (filled circles), posterior (open circles) and total (filled triangles)
ammonia excretion (A; Jamm; pmol/g/h; n=9-13) and sodium uptake rates (B;]i’:"‘;
pmol/g/h; n=4-7)in control larval rainbow trout from Series 3 (divided chamber) at
early, mid, and late developmental stages. Means not sharing the same letters indi-
cate statistically significant differences among developmental stage within anterior,
posterior, or total data sets. Asterisks represent posterior means which differ signif-
icantly from respective anterior means within a given developmental stage.

4. Discussion
4.1. Overview

The present study demonstrates that larval rainbow trout, sim-
ilarly to juvenile and adult animals, respond to waterborne Cu
exposure with a reduction in both Jymm and ]il;‘f (Fig. 1). In juvenile
and adult trout, this toxicity is believed to be mediated via an inhi-
bition of transport processes at the gill. The same was true of larval
trout in the late developmental stage (25 dph) where Cu led to the
inhibition of both Jamm and JN? across the gills (Figs. 3 and 4). While
Jamm Was only affected in the late stage, ]i';‘f was also inhibited by
Cu at the early developmental stage (3 dph; Fig. 1). This inhibition
occurred via a reduction in cutaneous ]i';‘f (Fig. 4), demonstrating,
to the best of our knowledge, the first evidence of cutaneous metal
toxicity in anintact aquatic organism. Interestingly, our results sug-
gest that the mechanisms of Jamm and ]i';‘f and/or of Cu toxicity differ
between the gill and skin of larval trout. These results have impor-
tant implications in our current understanding and prediction of
metal toxicity in developing larval fish.

4.2. Validation of divided chamber tests

The Cu concentrations used in the present study (Table 1) were
chosen based on preliminary results (data not shown) and a 96-h
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Fig. 3. Anterior (A), posterior (B), and total (C) ammonia excretion rates (Jamm:
wmol/g/h) in larval rainbow trout from Series 3 (divided chambers) exposed to
nominal 0 pg/l (control; filled circles), 20 g/l (filled triangles), and 50 g/l Cu (open
circles)in early, mid, and late developmental stages. Asterisks represent means from
Cu-exposed fish (20 or 50 g/l Cu) which are significantly different from respective
0 g/l Cu control values at a given developmental stage within anterior, posterior,
or total data sets (n=9-14).

LC50 of 125 g/l for rainbow trout in dechlorinated Vancouver
tapwater predicted by the Biotic Ligand Model (BLM version 2.2.3,
HydroQual, 2007). This relatively high prediction value, given the
extremely soft water of Vancouver (~3 mg/l CaCO3), was likely
due to the substantial DOC present in the water (2.5 mgC/1). All
concentrations reported are dissolved Cu concentrations (Table 1)
and, for Series 1, Series 2, and the 3-h pre-exposure from Series
3, values were very close to nominal concentrations (Table 1A).
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The measured concentrations in the divided chamber experiments
from Series 3, however, were slightly lower than nominal concen-
trations (Table 1B), potentially due to the adsorption to the walls
of the 5-1 “loading containers” or to the latex dam. Regardless,
the same pattern of inhibitory effects of Cu was seen across all
exposure conditions (Table 2). Overall, clove oil (Series 2) tended
to reduce Jamm and]i’;'la, similar to previous reports (Fu et al., 2010;
Smith et al., 2012) and the resulting rates, for the most part, were

not significantly different from the values measured in divided
chambers (Series 3), suggesting that the anaesthetic was the
cause of the reductions, but nevertheless was effective in reducing
experimental stress. These results suggest that the use of divided
chamber experiments in Cu toxicity testing is valid and, moreover,
appears to be a useful tool in understanding the mechanisms of Cu
toxicity in specific regions (i.e., skin versus gill) in larval fish.

As there is a significant amount of head skin in the anterior
half-chamber (see Fu et al., 2010; Zimmer et al., 2014), potentially
some of the fluxes measured in the anterior chamber are cuta-
neous, whereas in the posterior half-chamber some of the fluxes
could be renal. Nevertheless, it seems very likely that the majority
of the fluxes in the two sections are predominantly branchial and
cutaneous, respectively. In the subsequent discussion, flux via the
anterior half-chamber is considered to be branchial, while flux via
the posterior chamber is considered to be cutaneous.

4.3. Cu inhibits branchial Jomm and JN®

The disruption of both ammonia and Na* balance are two of the
most common responses to acute Cu exposure in juvenile and adult
freshwater fish (see Grosell, 2012 for review). This also appears
to be the case in larval trout, where exposure to 50 pg/l Cu sig-
nificantly impaired both Jymm and ]i':‘]a, regardless of experimental
condition (e.g., Series 1,2, or 3; Table 2). As is believed to be the
case in juvenile and adult fish, this response to Cu in the late devel-
opmental stage appeared to be mediated entirely by an inhibition
of branchial exchange (Figs. 3A and 4A). The inhibition of ammo-
nia excretion by Cu in fish is observed as either a decrease in Jamm
(Lauren and McDonald, 1985; Blanchard and Grosell, 2006; Zimmer
et al., 2012) or an increase in plasma ammonia levels (Lauren
and McDonald, 1985; Wilson and Taylor, 1993a,b; Wang et al.,
1998; Grosell et al., 2003, 2004). The mechanism of this inhibi-
tion, however, is not clear, but may be associated with inhibition of
carbonic anhydrase activity (Vitale et al., 1999; Grosell et al., 2002;
Zimmer et al.,2012),although there is no consensus in the literature
(e.g., Blanchard and Grosell, 2006). The mechanism of inhibition of
branchial ]i’;'f, however, is usually attributed to competitive block-
ade of apical Na* uptake by Cu via an as yet uncharacterized
epithelial Na* channel (Grosell and Wood, 2002) and/or by Cu inhi-
bition of basolateral Na*/K*-ATPase activity (Lauren and McDonald,
1987b; Pelgrom et al., 1995; Sola et al., 1995). Since there appears
to be a functional linkage between ]i'}‘la and Jamm at the gills of
adult trout which is mediated via Rh proteins (“sodium-ammonium
exchange complex or metabolon”; Tsui et al., 2009; Wright and
Wood, 2009) and this is also seen in the gills of developing trout
larvae (Zimmer et al., 2014), it is possible that inhibition of these
processes by Cu may share a common mechanism which has yet
to be elucidated. Two possibilities are (i) the inhibition of carbonic
anhydrase activity (Zimmer et al., 2012; Grosell, 2012) or (ii) inhibi-
tion of ammonia-transporting Rhesus (Rh) proteins in the gill given
their integral role in both ammonia and Na* transport (Wright and
Wood, 2009; Kumai and Perry, 2011; Shih et al., 2012, 2013).

4.4. Cu Inhibits cutaneous jiﬁ“ but not cutaneous Jamm

In the early stage of development, rainbow trout larvae utilized
their skin for the majority of both Jymm and ]i';‘l" (Fig. 2). This has
been observed previously (Zimmer et al., 2014), and it is generally
believed that the skin performs the majority of all physiological
exchanges immediately following hatch (Wells and Pinder, 1996;
Rombough, 2002; Fu et al., 2010; see Brauner and Rombough, 2012
for review). This reliance on cutaneous exchange is due to limited
gill surface area and high skin mitochondrial rich cell (MRC) abun-
dance in early stages of larval development (Gonzalez et al., 1996;
Rombough, 1999). Thus, the response of the skin to contaminant



A.M. Zimmer et al. / Aquatic Toxicology 150 (2014) 151-158 157

exposure is crucial to fully understand overall toxic responses at
this stage. Moreover, it is known that larvae represent the most
Cu-sensitive life stage in most fish (McKim et al., 1978; Rombough
and Garside, 1982), likely due to the high Na* turnover rates of
these animals associated with their small size (Grosell et al., 2002).
Indeed, larval trout exposed to Cu experienced an inhibition of]i';’la
at all 3 developmental stages (though non-significantly in the mid-
developmental stage; Fig. 1), which occurred via an inhibition of
cutaneous uptake in the early stage, and branchial uptake in the
late stage (Fig. 4). To the best of our knowledge, this represents the
first in vivo evidence of the inhibition of cutaneous exchange pro-
cesses by Cu in fish. Though the skin plays little to no role in Na*
acquisition by the end of yolk sac absorption (Fig. 2B; Zimmer et al.,
2014), these results may have important implications for earlier life
stages which, in general, utilize cutaneous surfaces for Na* uptake
(e.g., Fuetal.,, 2010; Wu et al., 2010; Shih et al., 2012).

Furthermore, a significant proportion of Ca2* uptake, which is
inhibited by exposure to other divalent metals (e.g., Pb; Rogers
et al., 2003), is believed to occur across the general body surface
of adult rainbow trout (Perry and Wood, 1985), potentially impli-
cating another role for cutaneous metal toxicity. Cutaneous metal
toxicity may also be important in specialized epithelia such as the
cleithrum skin (e.g., Marshall et al., 1992) and opercular epithelium
(see Marshall, 2003) which contribute significantly to whole-body
ionoregulation in some fish species. Indeed, Crespo and Karnaky
(1983) demonstrated in vitro inhibition of Cl~ transport across the
isolated opercular epithelium of killifish (Fundulusheteroclitus) by
Cu, though this inhibition occurred only when Cu was applied to
the serosal (blood-facing) side while Cu application to the apical
(water-facing) side was without effect. Moreover, the skin of frogs,
used extensively to model epithelial Na* transport in in vitro stud-
ies pioneered by Hans Ussing (Ussing and Zerahn, 1950), is also
responsive to Cu exposure in vitro. Exposure to monovalent Cu*
has been shown to inhibit Na* uptake across isolated frog skin in
some studies (Skulskii and Lapin, 1992) and stimulate Na* uptake
in others (Zadunaisky et al., 1963; Flonta et al., 1998); see Handy
etal.(2002) for review. While it is clear that Cu can alter cutaneous
Na* transport in post-hatch larval fish (designated here as “early”;
Fig. 4B), it is unclear why this response is absent in later stages of
development (mid and late stages). It may be a result of a reduction
in yolk sac skin surface area, which seems to be the major site of
cutaneous exchange (e.g., Shih et al., 2008) and MRC expression in
larval fish (Rombough, 1999), however, further studies are required
to address this.

Interestingly, Cu did not inhibit cutaneous Jamm at any devel-
opmental stage, despite reducing cutaneous ji’;‘f‘ in early stages
(Fig. 4B) and branchial Jymm in the late stages of development
(Fig. 3). Furthermore, Zimmer et al. (2014) did not find a rela-
tionship between ]il\r'la and Jamm at the skin in larval trout, while a
clear relationship between the two was observed at the gills. Taken
together, these data indicate that the mechanism for J,mm and ]i':‘f
and/or the mode of toxic action of Cu is different between the skin
and gills. More work is now needed to elucidate the cutaneous and
branchial mechanisms of ammonia and Na* exchange in larval fish
and the pathways by which Cu inhibits this exchange.

4.5. Perspectives and future directions

The depletion of whole-body Na* stores by inhibition of Na*
acquisition is believed to be the lethal mechanism of action of Cu
exposure in juvenile and adult freshwater fish (Grosell et al., 2002;
Grosell, 2012). Understanding the mechanisms of Cu toxicity and
lethality in larval fish is of particular importance due to the high
sensitivity to Cu at this life stage (McKim et al., 1978). In general,
Cu sensitivity increases following hatch (e.g., Stouthart et al., 1996),
likely due to the shedding of the chorion, the outer egg capsule of

embryonic fish, which is capable of binding metals (Guadagnolo
et al., 2001; Brix et al., 2004), and continues to increase over larval
development (e.g., Chapman, 1978; McNulty et al., 1994). Inter-
estingly, the most sensitive endpoint statistically in the present
study was the inhibition of total J,mm in the late developmental
stage as it was responsive to 20 g/l Cu, whereas this lower Cu
concentration never significantly inhibited ]i':‘f (Fig. 4). This may
indicate that the lethal mechanism of action for Cu in larval fish
is also different. Indeed, the large changes in nitrogen handling
and metabolism which occur over this development stage (Wright
et al., 1995; Essex-Fraser et al., 2005; Zimmer et al., 2014) may
lead to greater susceptibility to detrimental disruptions in ammo-
nia balance. Overall, the drastic physiological changes which occur
over larval development, and the physiological differences between
these fish and mature fish, warrant further investigation in under-
standing the nature of Cu toxicity in larval fish.

The BLM is used for a variety of scientific and regulatory pur-
poses (Di Toro et al., 2001; Santore et al., 2001; Niyogi and Wood,
2004; Paquin et al., 2002; HydroQual, 2007; USEPA, 2007; Ng et al.,
2010). The current Cu BLM model for rainbow trout (version 2.2.3,
HydroQual, 2007) uses only gill lethal accumulation thresholds
(LA50s) obtained from trout in later stages (MacRae et al., 1999)
to predict toxicity. This may not be appropriate in immediately
post-hatch larval fish lacking a functioning gill, where biotic lig-
ands on the skin appear to be key targets of Cu toxicity. The skin
is the major site of whole-body Na* uptake, and cutaneous ]i';‘la was
significantly inhibited by Cu (Fig. 4B). Future work should focus on
characterizing and quantifying skin and gill Cu binding over larval
development to determine how these relate to toxicity. A critical
step in this regard will be to measure skin and gill Cu burdens asso-
ciated with acute lethality (LA50 values; HydroQual, 2007). Overall,
larval fish pose a new and exciting area of research in metal toxicity.
Determining the possible toxicological implications of the changes
in physiology and biotic ligand sites (i.e., skin to gills) which occur
over larval development may lead to a more comprehensive under-
standing of metal toxicity in fish.

Acknowledgements

Special thanks to Vancouver Island Trout Hatchery in Dun-
can, BC, Canada for donation of the experimental animals, to
Sara Northrup and the Freshwater Fisheries Society of BC for
the coordination of experimental animal donation, to Shirley
Choi for facilitation of transfer permits, to Emily Gallagher
and Michelle Ou for helpful assistance in maintaining larvae,
and to Patrick Tamkee for assistance in setting up experi-
mental materials. This research was supported by NSERC (No.
RGPIN #473-12 (Natural Sciences and Engineering Research
Council of Canada) Discovery Grants to CJB and CMW, who
is also supported by the Canada Research Chair Program.
AMZ is supported by an NSERC Canada Graduate Scholar-
ship.

References

Blanchard, J., Grosell, M., 2006. Copper toxicity across salinities from freshwater to
seawater in the euryhaline fish Fundulus heteroclitus: is copper anionoregulatory
toxicant in high salinities? Aquat. Toxicol. 80, 131-139.

Brauner, CJ., Rombough, P.J., 2012. Ontogeny and paleophysiology of the gill: new
insights from larval and air-breathing fish. Respir. Physiol. Neurobiol. 184,
293-300.

Brix, K.V., Keithly, J., DeForest, D.K., Laughlin, J., 2004. Acute and chronic toxicity
of nickel to rainbow trout (Oncorhynchus mykiss). Environ. Toxicol. Chem. 23,
2221-2228.

Chapman, G.A., 1978. Toxicities of cadmium, copper, and zinc to four juvenile stages
of chinook salmon and steelhead. Trans. Am. Fish. Soc. 107, 841-847.

Crespo, S., Karnaky Jr., KJ., 1983. Copper and zinc inhibit chloride transport across
the opercular epithelium of seawater-adapted killifish Fundulus heteroclitus. J.
Exp. Biol. 102, 337-341.


http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0005
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0010
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0015
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0020
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0025

158 A.M. Zimmer et al. / Aquatic Toxicology 150 (2014) 151-158

Di Toro, D.M., Allen, H.E., Bergman, H.L., Meyer, J.S., Paquin, P.R., Santore, R.C., 2001.
Biotic ligand model of the acute toxicity of metals 1. Technical basis. Environ.
Toxicol. Chem. 20, 2383-2396.

Essex-Fraser, P.A., Steele, S.L., Bernier, N.J., Murray, B.W., Stevens, E.D., Wright, P.A.,
2005. Expression of four glutamine synthetase genes in the early stages of
development of rainbow trout (Oncorhynchus mykiss) in relationship to nitrogen
excretion. J. Biol. Chem. 280, 20268-20273.

Evans, D., Piermarini, P., Choe, K., 2005. The multifunctional fish gill: dominant
site of gas exchange, osmoregulation, acid-base regulation, and excretion of
nitrogenous waste. Physiol. Rev. 85, 97-177.

Flonta, M.L., De Beir-Simaels, ]., Mesotten, D., Van Driessche, W., 1998. Cu?* reveals
different binding sites of amiloride and CDPC on the apical Na channel of frog
skin. Biochim. Biophys. Acta 1370, 169-174.

Fu, C., Wilson, J.M., Rombough, P]J., Brauner, CJ., 2010. lons first: Na* uptake
shifts from the skin to the gills before O, uptake in developing rainbow trout,
Oncorhynchus mykiss. Proc. R. Soc. B 277, 1553-1560.

Gonzalez, M.E., Blanquez, M.]., Rojo, C., 1996. Early gill development in the rainbow
trout, Oncorhynchus mykiss. J. Morphol. 229, 201-217.

Grosell, M., 2012. Copper. In: Farrell, A.P., Wood, C.M., Brauner, C.J. (Eds.), Homeo-
stasis and Toxicology of Essential Metals, Fish Physiology, 31A. Academic Press,
San Diego, pp. 54-110.

Grosell, M., McDonald, M.D., Wood, C.M., Walsh, P.J., 2004. Effects of prolonged cop-
per exposure in the marine gulf toadfish (Opsanus beta) I. Hydromineral balance
and plasma nitrogenous waste products. Aquat. Toxicol. 68, 249-262.

Grosell, M., Nielsen, C., Bianchini, A., 2002. Sodium turnover rate determines sensi-
tivity to acute copper and silver exposure in freshwater animals. Comp. Biochem.
Physiol. C 133, 287-303.

Grosell, M., Wood, C.M., 2002. Copper uptake across rainbow trout gills: mechanisms
of apical entry. J. Exp. Biol. 205, 1179-1188.

Grosell, M., Wood, C.M., Walsh, P.J., 2003. Copper homeostasis and toxicity in the
elasmobranch Raja erinacea and the teleost Myoxocephalus octodecemspinosus
during exposure to elevated water-borne copper. Comp. Biochem. Physiol. C
135, 179-190.

Guadagnolo, C.M., Brauner, C.J.,, Wood, C.M., 2001. Chronic effects of silver exposure
on ion levels, survival, and silver distribution within developing rainbow trout
(Oncorhynchus mykiss) embryos. Environ. Toxicol. Chem. 20, 553-560.

Handy, R.D., Eddy, F.B., Baines, H., 2002. Sodium-dependent copper uptake across
epithelia: a review of rationale with experimental evidence from gill and intes-
tine. Biochim. Biophys. Acta 1566, 104-115.

HydroQual, 2007. The Biotic Ligand Model Windows Interface, Version 2.2.3: User’s
Guide and Reference Manual. HydroQual, Inc., Mahwah, NJ, April 2005.

Kumai, Y., Perry, S.F., 2011. Ammonia excretion via Rhcg1 facilitates Na* uptake in
larval zebrafish, Danio rerio, in acidic water. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 301, R1517-R1528.

Lauren, D.J., McDonald, D.G., 1985. Effects of copper on branchial ionoregulation in
the rainbow trout, Salmo gairdneri Richardson — Modulation by water hardness
and pH. J. Comp. Physiol. B 155, 635-644.

Lauren, D.J., McDonald, D.G., 1987a. Acclimation to copper by rainbow trout, Salmo
gairdneri: physiology. Can. J. Fish. Aquat. Sci. 44, 99-104.

Lauren, D.J., McDonald, D.G., 1987b. Acclimation to copper by rainbow trout, Salmo
gairdneri: biochemistry. Can. J. Fish. Aquat. Sci. 44, 105-111.

MacRae, RK., Smith, D.E., Swoboda-Colberg, N., Meyer, ].S., Bergman, H.L., 1999.
Copper binding affinity of rainbow trout (Oncorhynchus mykiss) and brook trout
(Salvelinus fontinalis) gills: implications for assessing bioavailable metal. Envi-
ron. Toxicol. Chem. 18, 1180-1189.

Marshall, W.S., Bryson, S.E., Wood, C.M., 1992. Calcium transport by isolated skin of
rainbow trout. J. EXp. Biol. 166, 297-316.

Marshall, W.S., 2003. Rapid regulation of NaCl secretion by estuarine teleost fish:
coping strategies for short-duration freshwater exposures. Biochim. Biophys.
Acta - Biomembr. 1618, 95-105.

McFarland, W.N,, 1959. A study of the effects of anesthetics on the behaviour and
physiology of fishes, 6. Publications of the Institute of Marine Science, University
of Texas, pp. 23-55.

McKim, J.M., Eaton, ].G., Holcombe, G.W., 1978. Metal toxicity to embryos and larvae
of eight species of freshwater fish-II: copper. Bull. Environ. Contam. Toxicol. 19,
608-616.

McNulty, HR., Anderson, B.S., Hunt, JW., Turpen, S.L., Singer, M.M., 1994. Age-
specific toxicity of copper to larval topsmelt Atherinops affinis. Environ. Toxicol.
Chem. 13, 487-492.

Ng, T.Y.-T., Chowdhury, M.J., Wood, C.M., 2010. Can the Biotic Ligand Model pre-
dict Cu toxicity across a range of pHs in softwater-acclimated rainbow trout?
Environ. Sci. Technol. 44, 6263-6268.

Niyogi, S., Wood, C.M., 2004. The Biotic Ligand Model, a flexible tool for develop-
ing site-specific water quality guidelines for metals. Environ. Sci. Technol. 38,
6177-6192.

Paquin, P.R,, Gorsuch, JW., Apte, S., Batley, G.E., Bowles, K.C., Campbell, P.G.C., Delos,
C.G., Di Toro, D.M., Dwyer, R.L, Galvez, F., Gensemer, R.W., Goss, G.G., Hogstrand,
C., Janssen, C.R.,, McGeer, J.C., Naddy, R.B., Playle, R.C., Santore, R.C., Schneider,
U., Stubblefield, W.A., Wood, C.M., Wu, K.B., 2002. The biotic ligand model: a
historical overview. Comp. Biochem. Physiol. C 133, 3-35.

Pelgrom, S.M.G ., Lock, R.A.C., Balm, P.H.M., Bonga, S.EW., 1995. Integrated phys-
iological response of tilapia, Oreochromis mossambicus, to sublethal copper
exposure. Aquat. Toxicol. 32, 303-320.

Perry, S.F., Wood, C.M., 1985. Kinetics of branchial calcium uptake in the rainbow
trout: effects of acclimation to various external calcium levels. J. Exp. Biol. 116,
411-433.

Rogers, ].T., Richards, ].G., Wood, C.M., 2003. lonoregulatory disruption as the acute
toxic mechanism for lead in the rainbow trout (Oncorhynchus mykiss). Aquat.
Toxicol. 64, 215-234.

Rombough, P.J., 2002. Gills are needed for ionoregulation before they are needed for
0, uptake in developing zebrafish, Danio rerio. J. Exp. Biol. 205, 1787-1794.
Rombough, P.J., 1999. The gill of fish larvae. Is it primarily a respiratory or anionoreg-

ulatory structure? J. Fish Biol. 55, 186-204.

Rombough, P.J., Garside, E.T., 1982. Cadmium toxicity and accumulation in eggs and
alevins of Atlantic salmon Salmo salar. Can. J. Zool. 60, 2006-2014.

Santore, R.C., Di Toro, D.M., Paquin, P.R., Allen, H.E., Meyer, ].S., 2001. Biotic ligand
model of the acute toxicity of metals 2. Application to acute copper toxicity in
freshwater fish and daphnia. Environ. Toxicol. Chem. 20, 2397-2402.

Shih, T.-H., Hong, J.-L., Hwang, P.-P., Lin, L.-Y., 2008. Ammonia excretion by the skin
of zebrafish (Danio rerio) larvae. Am. J. Physiol. Cell Physiol. 295, 1625-1632.

Shih, T.-H., Horng, J.-L., Lai, Y.-T., Lin, L.-Y., 2013. Rhcg1 and Rhbg mediate ammonia
excretion by ionocytes and Kkeratinocytes in the skin of zebrafish larvae: H*-
ATPase-linked active ammonia excretion by ionocytes. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 304, R1130-R1138.

Shih, T.-H., Horng, J.-L., Liu, S.-T., Hwang, P.-P., Lin, L.-Y., 2012. Rhcg1 and NHE3b
are involved in ammonium-dependent sodium uptake by zebrafish larvae accli-
mated to low-sodium water. Am. J. Physiol. Regul. Integr. Comp. Physiol. 302,
R84-R93.

Skulskii, .A., Lapin, A.V., 1992. Highly selective blockade of the frog skin sodium
channels by monovalent copper cations. Biochim. Biophys. Acta 1112, 27-28.

Smith, A.A., Zimmer, A.M., Wood, C.M., 2012. Branchial and extra-branchial ammo-
nia excretion in goldfish (Carassius auratus) following thermally induced gill
remodeling. Comp. Biochem. Physiol. A 162, 185-192.

Sola, F., Isaia, J., Masoni, A., 1995. Effects of copper on gill structure and trans-
port function in the rainbow trout, Oncorhynchus mykiss. J. Appl. Technol. 15,
391-398.

Stouthart, X.J.H.X,, Haans, J.L.M., Lock, R.A.C., Wendelaar Bonga, S.E., 1996. Effects of
water pH on copper toxicity to early life stages of the common carp (Cyprinus
carpio). Environ. Toxicol. Chem. 15, 376-383.

Tsui, T.K.N., Hung, C.Y.C., Nawata, M., Wilson, J.M., Wright, P.A., Wood, C.M., 2009.
Ammonia transport in cultured gill epithelium of freshwater rainbow trout: the
importance of Rhesus glycoproteins and the presence of an apical Na*/NH4*
exchange complex. J. Exp. Biol. 212, 878-898.

U.S. Environmental Protection Agency, 2007. Aquatic Life Ambient Freshwater
Quality Criteria-Copper, 2007 Revision. EPA-822-R-07-001. Office of Water,
Washington, DC.

Ussing, H.H., Zerahn, K., 1950. Active transport of sodium as the source of electric
current in the short-circuited isolated frog skin. Acta Physiol. Scand. 23,110-127.

Verdouw, H., van Echteld, CJ.A., Dekkers, E.M.]., 1978. Ammonia determination
based onindophenols formation with sodium salicylate. Water Res. 12,399-402.

Vitale, A.M., Monserrat, ].M., Castilho, P., Rodriguez, E.M., 1999. Inhibitory effects of
cadmium on carbonic anhydrase activity and ionic regulation of the estuarine
crab Chasmagnathus granulata (Decapoda, Grapsidae). Comp. Biochem. Physiol.
C122,121-129.

Wang, T., Knudsen, P.K., Brauner, C.J., Busk, M., Vijayan, M.M.,, Jensen, F.B., 1998.
Copper exposure impairs intra- and extracellular acid-base regulation during
hypercapnia in the fresh water rainbow trout (Oncorhynchus mykiss). . Comp.
Physiol. B 168, 591-599.

Wells, P.R., Pinder, A\W., 1996. The respiratory development of Atlantic salmon II.
Partitioning of oxygen uptake among gills, yolk sac and body surfaces. J. Exp.
Biol. 199, 2737-4274.

Wilson, RW., Taylor, EW., 1993a. The physiological responses of freshwater rain-
bow trout, Oncorhynchus mykiss, during acutely lethal copper exposure. J. Comp.
Physiol. B, 38-47.

Wilson, R.W,, Taylor, E.W., 1993b. Differential responses to copper in rainbow trout
(Oncorhynchus mykiss) acclimated to sea water and brackish water. J. Comp.
Physiol. B, 239-246.

Wright, P.A., Felskie, A., Anderson, P., 1995. Induction of ornithine-urea
cycle enzymes and nitrogen metabolism and excretion in rainbow trout
(Oncorhynchus mykiss) during early life stages. ]. Exp. Biol. 198, 127-135.

Wright, P.A.,, Wood, C.M., 2009. A new paradigm for ammonia excretion in aquatic
animals: role of Rhesus (Rh) glycoproteins. J. Exp. Biol. 212, 2303-2312.

Wau, S.-C., Horng, J.-L,, Liu, S.-T., Hwang, P.-P., Wen, Z.-H., Lin, C.-S., Lin, L.-Y., 2010.
Ammonium-dependent sodium uptake in mitochondrion-rich cells of medaka
(Oryzias latipes) larvae. Am. J. Physiol. Cell Physiol. 298, C237-C250.

Zadunaisky, J.A., Candia, O.A., Chiarandini, D.J., 1963. The origin of the short-circuit
current in the isolated skin of the South American frog Leptodactylus ocellatus. J.
Gen. Physiol. 47, 393-402.

Zimmer, A.M., Barcarolli, LF., Wood, C.M., Bianchini, A., 2012. Waterborne copper
exposure inhibits ammonia excretion and branchial carbonic anhydrase activ-
ity in euryhaline guppies acclimated to both fresh water and sea water. Aquat.
Toxicol. 122-123, 172-180.

Zimmer, A.M., Wright, P.A.,, Wood, C.M., 2014. What is the primary function of the
early teleost gill? Evidence for Na*-coupled ammonia excretion in developing
rainbow trout (Oncorhynchus mykiss). Proc. R. Soc. B, Submitted Oct 25 2013.
Manuscript ID: RSPB-2013-2789.


http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0030
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0035
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0040
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0045
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0050
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0055
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0060
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0065
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0070
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0075
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0080
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0085
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0090
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0095
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0100
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0105
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0110
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0115
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0120
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0125
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0130
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0135
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0140
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0145
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0150
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0155
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0160
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0165
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0170
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0175
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0180
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0185
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0190
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0195
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0200
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0205
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0210
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0215
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0220
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0225
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0230
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0235
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0240
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0245
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0250
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0255
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0260
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0265
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0270
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0275
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0280
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0285
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0290
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0295
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0300
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305
http://refhub.elsevier.com/S0166-445X(14)00072-1/sbref0305

	Exposure to waterborne Cu inhibits cutaneous Na+ uptake in post-hatch larval rainbow trout (Oncorhynchus mykiss)
	1 Introduction
	2 Materials and methods
	2.1 Fish
	2.2 Experimental Design
	2.2.1 Series 1
	2.2.2 Series 2
	2.2.3 Series 3

	2.3 Analytical techniques and calculations
	2.4 Statistical analyses

	3 Results
	3.1 Cu exposure concentrations
	3.2 Developmental patterns of JinNa and Jamm and effects of divided chambers and clove oil
	3.3 Effects of Cu exposure

	4 Discussion
	4.1 Overview
	4.2 Validation of divided chamber tests
	4.3 Cu inhibits branchial Jamm and JinNa
	4.4 Cu Inhibits cutaneous JinNa but not cutaneous Jamm
	4.5 Perspectives and future directions

	Acknowledgements
	References


