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Abstract

For oil spill responses, assessment of the potasrtiaronmental exposure and impacts of a
spill is crucial. Due to a lack of chronic toxicitkata, acute data is used together with
precautionary assumptions. The effect on the Akatistone (copepod) speci€alanus
hyperboreus andCalanus glacialis populations is compared using two approaches: a
precautionary approach where all exposed indivaldad above a defined threshold
concentration and a refined (full-dose-responspjageh. For this purpose a matrix
population model parameterised with data from itleedture is used. Population effects of
continuous exposures with varying durations weré@led on a range of concentrations. Just
above the chronic No Observed Effect Concentrdtidmch is field relevant) the estimated
population recovery duration of the precautionggraach was more than 300 times that of
the refined approach. With increasing exposure eotnation and duration, the effect in the

refined approach converges to the maximum effextiraed in the precautionary approach.

Key words: matrix model, arcti€alanus, LC50, NOEC, population dynamics, oil spill
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Introduction

For oil spill planning and response decision-making important to assess and compare
potential impacts of oil exposure on organismsgmes the different ecosystem
compartments. This might include the comparisopaténtial effects to aquatic organisms
and their recovery times with the potential impaatl recovery of coastal organisms and
habitats. The process of Net Environmental Berefdlysis (NEBA, IPIECA, 2015) has
been developed to aid the response community ialdpwg the response strategy that
minimises the overall impacts to both humans aedcetivironment. Assessment of the
potential impact to valued ecosystem componerd<scisicial step within the NEBA process.
For aquatic communities, this includes among otlteesassessment of population impacts;
based on (modelled) exposure concentrations, andsbessment of the fraction of the
population exposed and affected. Effect assessmaemtssually based on data from
laboratory toxicity testing (Olsen et al. 2013),ex often only data on acute toxicity for a
selected number of species are available. Thusgmiation techniques have been developed
to derive chronic toxicity levels from acute toxycdata (e.g. by the use of a pragmatic acute
to chronic ratio of for instance 10, see for examphlers et al. (2006)). Acute data is often
used together with precautionary assumptions twe#nreshold values covering for both
short and long term effects of oil exposure, armd¢hthreshold values are often used in
NEBA assessments (e.g. Coelho et al., 2015). A madieed approach is to use dose-
response relationships applying varying exposuratains. The purpose of this study is to
compare these two approaches and their consequiendke calculated population impacts
(recovery duration) of a marine key stone spedkesdalanus and to assess the implications

to oil spill response decision-making.

In this study, the focus is on herbivorous copepidhe genugalanus, which are keystone

organisms in the Arctic marine environmetiél anus species account for over half of the



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

mesozooplankton biomass in some Arctic regions {regSvalbard region according to
Sgreide et al. (2008)), and link primary productiomigher trophic levels, through the

transfer of high energy lipids (Falk-Petersen eR@07). Based on the key role of thaanus
species in the pelagic food chain the potentialjpatpn response of these species to an acute
oil spill should further be investigated. In thegent study two Calanus speci€alanus

glacialis andCalanus hyperboreus) are selected to reflect the diversity in life-lgystructure

of Calanus species.

The analytical tractability and the well-known beioaur of matrix population models
(Caswell 2001), makes these models a simple aedtefé mean to translate individual
toxicity data, e.g. No Observed Effect ConcentragiNOEC) and/or Median Lethal Effect
Concentrations (LC50) to population level consegesr{e.g. Caswell 1996; Klok and de
Roos 1996; Hemerik and Klok 2006; Smit et28106; Klok 2008; Klok et al. 2009; Bergek et
al. 2012). The projection matrices are parameteriséudtive vital rates or life-history

parameters, survival and reproduction.

An elasticity analysis was performed on age-stmgctunatrix models to answer the question:
how large is the effect of the relative changeeimgth of diapause, survival and reproduction
on the population growth factor? The matrix moaetse used for assessing population
effects using two approaches for addressing effefatdl: 1) a precautionary approach where
all exposed individuals survive below a chroni@girold concentration and die above this
value or 2) a refined approach, in which a theoattilose-response relationship was based on
an acute to chronic ratio (ACR) that expresse®tfeet per toxic unit (TU). We want to

assess the consequences for oil spill planningesmbnse decision-making. Therefore, our
main question is how these different approachedfezt assessment can lead to adjusted

survival and reproduction parameters of individu@lsese parameters are subsequently used
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to investigate and compare the effect of theseapmoaches on the population recovery of

Calanus species.

Material and methods

Species selection

The arctic marine ecosystem consists for a largegb@elagic copepods and is dominated by
three herbivorou€alanus speciesC. hyperboreus (size 4.5-7 mm.)C. glacialis (3-4.6 mm.)
andC. finmarchicus (size 2-3.2 mm.). These are key species in the tpiven pelagic food
chain and, consequently, they are important pregdoplankton eating fish species, sea birds
and mammals (Falk-Petersen et al. 2007). Theredoreguction in the copepod population,
or a displacement of the various copepod specasnpally has extensive consequences for
a wide variety of species in the Arctic food we€bhyperboreusis a high Arctic oceanic
species connected to the cold and ice covered Aexig Basin (Baffin Bay and the
Greenland Sea), whilé. glacialis has a slightly more southern circumpolar distifrualong
the Arctic shelf seas (Falk-Petersen et al. 20D8ase et al. 2013). The two largealanus
species form the major part of the biomass@nidnmarchicus is less adapted to life in the
Arctic ocean (Hirche and Kosobokova 2007). De Hebal. (2016) has done a similar
analysis forC. finmarchicus whereas our modelling work has focusedX®glacialis andC.

hyperboreus.

Life-cycle of Calanus species

The life cycle ofCalanus species consists of three main stages (fig 1a)ehaeggs, nauplii
larvae (N1-N6) and copepodites (C1-C5, and adwdsphC. glacialishas a 1-3 years’

generation time with 2 years in most regions (Dadsd. 2013), whereas the generation time

5



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

of C. hyperboreus varies between 1 and 6 years, depending on thea@ugal region and the

food availability (Falk-Petersen et al. 2009).

Calanus species show seasonal vertical migration (Madsah 2001; Falk-Petersen et al.
2009; Swalethorp et al. 2011). In winter, from Jawyuo March, eggs dE. hyperboreus are
spawned deep in the water column being fuelledeptby pre-existing, internal lipid
reserves (Hirche 1997) and they float towards thitase.C. glacialis however, overwinters

at shallower depths thah hyperboreus and moves into the surface layer when ice algae
bloom (Darnis and Fortier 2014). CG spawns neastiace around the time of the spring
bloom (Madsen et aR001) and may rely on ice algae to fuel reprodunctt the beginning of
their growth season (Ji et al. 2012). A study penked in Disko Bay, Greenland, showed that
C. glacialisascended to the surface layer at the onset optiregsphytoplankton bloom,

while two weeks late€. hyperboreus surfaced (Swalethorp et al. 2011). The timing of
plankton blooms in the Arctic Ocean depends orsdzeice cover and thus differs per region.
Generally, ice algae bloom one to two months betoeece melts and the phytoplankton
bloom starts when the sea ice has disappearedhvighbetween May (at 75 °N) and August
(at 85 °N) (Leu et al. 2011). A few months aftes ffhytoplankton bloom, alalanus species
descend to overwintering depth. During overwintgflalanus species go in diapause, i.e.

enter dormancy which is a phase of arrested denedop

Temperature has a significant effect on the dewvetoy times ofCalanus eggs and nauplii
stages (Corkett 1972; Corkett et al. 1986; McLageal. 1988; Jung-Madsen et al. 2013).
From the first feeding stage (the third naupliags), food also becomes important (e.g.
Jung-Madsen et al. (2013)). Effects of temperatunek food availability on the impacts of oll
exposure were outside the scope of this study emtharefore not included in this study.
Furthermore, these conditions show great (spatidit@mporal) variation in the field, making

it difficult to define representative conditionsettd, we assume a region with optimal

6
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conditions enabling botGalanus species to complete their life cycle in two yesnd a more
northern region, where the life cycle ©f hyperboreus is extended due to less favourable

conditions (Falk-Petersen et al. 2009).

Model approach

A matrix population model was selected, becausseth@odels are often used given (1) their
direct relationship with empirical, in our caseeaiructured field data, (2) their clear link
between life-history parameters (reproduction amdigal) and population growth factor and
(3) their relatively low data requirements (Beiggnand Westphal 1998). This is because we
lump stages according to years and then we onlyineeq@ few parameter values as can be
seen in appendix A and ESML1. The life cycles ofdatyeepods were simplified to always
allow for a separate (reproducing) adult stage. tdted number of juvenile and sub-adult
stages were changed in models to allow for sitnatiwhere reproduction starts after more
than one year. The environment of the populatisrsssumed to be homogeneous, and the

model is not spatially explicit.

For density independent matrix models elasticitglgsis (this is a form of sensitivity
analysis) can easily be performed. This analytimal assesses the relative contribution to the
population growth factorA] of the different underlying parameters. Elasesitrepresent the
proportional change ik given an infinitesimal proportional change in atrnxeelement or
underlying parameter (Caswell 2001; de Kroon €1886). When the parameter with the

largest elasticity is changed, the proportionaingjgain is at its highest.

The two matrix models assume a 2-year life cycteCigglacialis and forC. hyperboreus
occurring in the sub-Arctic (2x2 matrix model, $ige A.1) and a 4-year life cycle faz.
hyperboreus with a more polar distribution (4x4 matrix mods&e fig 1b). Thus, we assumed

that the generation time @falanus species is two or four years depending on the
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geographical location of its development. Only feeravere modelled and a constant sex
ratio of 1:1 is assumed. In the main text detaild mathematical analysis for the 2x2-model
and toxicity results for both models are suppliBide derivation and analysis of the 4x4-

model can be found in the Electronic supplementi#ormation (ESM1 section 1).

All presented population models start just aftevaping. Due to a lack of reliable data,
survival throughout the year was assumed to bedogsen a constant daily survival
probability. Also, the reproduction is evenly dig@lover the length of the reproductive
season. As the consequences of the timing of athgpaal oil spill within a year and
population impact thereof are not part of the staity, these assumptions have no influence
on the results. Thus, outside the spawning sedsoddily reproductive rate is zero. For the
life cycles with a generation time of two years ¢haphs and the details for deriving the
matrix model on a year-to-year basis from the deugnts are presented in Appendix A. The
simulations are performed with the daily eventsilevtihe elasticity analysis is performed on

the yearly matrices.

The 2x2-model is represented in figure A.1cd argktdaon the real life cycle (given in fig.
A.lab, in Appendix A). Thus, for the model with @ngration time of two years the two
classesx(t), x:(t))" represent the just bofalanus (O+ to one year old from here on referred
to as juvenile), and 1+ (so older than one yeanfhere on referred to as (sub)adults). The
Leslie matrix for this system (Figure 1b) only lpasitive values on the places marked with a
* (see equation 1; note that the timis measured in years). How these positive values a
derived from daily based rates and what they Idakih terms of daily survival and

reproduction is explained in Appendix A.

X, (T +1) _ 0 *) x,(7) eqn 1
X, (7 +1) A x(T)
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Based on data from the life cycle ©f hyperboreus it was considered that these crustaceans
have a diapause period during the year, namely wienhave migrated into the deep. In this
period, it is assumed that no mortality and repotidn takes place (Figure 2), although in
real life mortality during diapause can be subssh(frnkvaern et al. 2005; Daase et al.

2014).

Data for parameterisation of the matrix model

Literature has been searched for parameter vatwesif models. The detailed results can be
found in ESM1 section 2. For the matrix model, d@<laid per day per female was used for
the reproduction during the bloom, i.e. the midpoiinthe estimated range and assumes that
this rate continues during one month (i.e. 30 dagsilting in 1410 eggs pé€x glacialis

female in one season. This corresponds well wighoguction rates observed in the
laboratory. We assume the sex ratio to be 1:1,tbasdhe genetically determined ratio,
disregarding the ability of environmental factavsatfect this ratio (Irigoien et al. 2000). We
assume the length of the growth season for Gottyperboreus andC. glacialis in the 2-year
life cycle model to be 180 days (approx. 6 montaisyear). For the 4x4-model we assume it
to be 120 days (approx. 4 months per year, electsupplementary material (ESM1, section
1 fig S2, and section 2)). For parameterisatiothefmodel daily survival probabilities
(=1-daily mortality probabilities) are needed. We fiasssumed daily mortality probabilities
close to the lowest value reported in literatuf®8.d™. However, with these values the
population was not viable (yearly population grofabtor <1). Because reproduction data
from the literature were not so variable and thetatlity rates were reported to be too high
(Ankvaern et al. 2005; Thor et al. 2008; Daasd.€2@11; Jung-Madsen et al. 2013) we
adjusted the survival probabilities based on thedireproduction rates and the length of the

active growing season. This resulted in daily maytarobabilities below the range reported
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in the literature (see daily survival probabilitiasTable 1). With the current choices for the

parameter values the population is almost stalelesihowing a slight growth.

Toxicity

Information on the impact of oil-components on sal/and reproduction in different
developmental stages are relatively scarce (Olsah 2013). Some effect values are
available from recent studies (see ESM1, sectidable S.1) orC. glacialis exposed to oil
mixtures (Hansen et al. 2011; Gardiner et al. 2@CkEBnus et al. 2015). However, crude oil is
a complex mixture of both hydrocarbons, such aarak, cycloalkanes and aromatic
hydrocarbons, and non-hydrocarbon compounds. Becausde oil has a variable
composition, its effects on exposed biota alsoegariToxicological risks of oil mixtures are
mostly determined by their dissolved components. fecench McCay 2002; Olsen et al.
2013). Therefore, in the current study, the exposwas expressed in Toxic Units (TU) (von
der Ohe and de Zwart 2013) and these TUs are as®tess the exposure to single oll
components and to mixtures of oil components. Trovdeexposure values(in TUs) from a
(measured) compound concentrationwe scale it with the acute LC50 concentration at

which 50% of the organisms die:

x = (o
T LCso’

eqn 2

Here, we use a theoretical relation based on the &€ Daphnia (May et al. 2016) to
parameterise the concentration-time-response-oaktiip (approach 2) on the population
growth factor. The definition of the ACR is the 8250% effect concentration (LC50)

divided by the chronic No Observed Effect Concemna(NOEC) for mortality:

10



_ LC50

222 ACR= eqgn 3
NOEC
. NOEC 1 . .
223 The scaled NOEC is called n= = . So if we know the NOEC concentration,
LC50 ACR
224 and the ACR we can computén toxic units asx = A
ACR NOEC

225  With this relationship we can compare our hypottatielationship with real data.

226  Although oil toxicity can affect both reproductiand survival, we focus on toxic effects on
227 survival. Because limited toxicity data are avdiaior bothC. hyperboreus andC. glacialis,
228 a more theoretical approach was used to describeetation between exposure and effect.
229 For this approach, we assume that the hazardh@jethe probability per unit of time to die
230 attimet conditional upon the subiject still being alive [bfeeisch and Prentice, 2002) is a
231 given function of exposunre(in TU) above the NOEC of TU and the baseline or natural

232 hazard rateh(t):
233  h(t) = hy(t)exp@Bmax@, x—n)) eqgn 4

234 The relationship is assumed to be multiplicative] the magnitude of the effect is expressed

235 asexp(B)per toxic unit above the NOEC. Because the expasuod is detrimental for the
236 organismsexp(53)> 1, and thus each extra toxic unit increases theraldtazard rate, (t)
237 with this factor. We assume that the natural daglyard rate (@) is constant in timel() and

238 is calculated as one minus the natural daily satwsed in the parameterisation of the

239 matrix model, see above).

11
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dlog(S(t))
dt

Because, in general, the hazard rate eqo@)s= — (Kalbfleisch and Prentice,

t
2002), the associated survivor function with thagdrd rate isS(t) = exp(—jh(r)dr) :

0
For a LC50 expressed BsTU determined at an acute exposure timg days it holds that
the surviving fraction of the exposed organismisnag t,, St,), is half the surviving fraction

of the unexposed organisms.

ta
exp(- [ hy(t) exp(Bmax@, L - n))c)
05= 0 egn 5

ta
expt- [y (t)ck)
0

From this relationship we can for a constant basdtiazard ), and an acute exposure

duration oft, days derive the formula for the effect (=e&p(as

ACR

1+@J(ACRJ

eqn 6
ht,

exp(f) =[

An ACR value of 8.8 was used as derivedDaphnia magna by May et al. (2016) and an

acute exposure tintg of 2 days (as per OECD standardsDaphnia tests (OECD, 2004)).

The hazard rate approach is based on internal expasncentrations, where the dose affects
the natural mortality rate when it exceeds an ir@keconcentration threshold (i.e., at the
molecular receptor for the toxic effect). Oil s@itenarios are based on external
concentrations (i.e., concentrations in the wabengartment, surrounding the target species).
Modelling toxico-kinetics (i.e., the balance betwegptake and elimination of a toxicant in

different species compartments) is outside theesodphis study. We, therefore, assume that

12
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there is an instantaneous equilibrium betweenmniadeand external concentrations. We also
assume that this equilibrium can be described tynstant ratio, the bio-concentration factor,
between the internal and external concentrationaBge of these assumptions, the hazard

model could be and was directly applied to exteexglosures when expressed as toxic units.

Similar to the LC50 the NOEC is based on specittemal test concentrations, as selected by
the experimenters. The No Effect Concentration (N&Capplied in the hazards model is
based on internal concentrations, and does noindepe selected test concentrations
(Kooijman 2010). However, as test data availabibtimited, we note that the ACR applies

to internal and external concentrations that offfiedby the bio-concentration factor (see the
above assumption). Therefore, the NOEC was usddtagere a NEC. This also makes it

possible to compare model simulations with expenitaletoxicology data that are available.

Approaches for assessing effects of exposure to toxic substances

In our simulations exposure to an oil spill waduded during part of the year. Therefore, the
Calanus population was modelled from day-to-day. In appedhow to derive the year-to-
year dynamics from the day-to-day dynamics forgbpulation divided into two classes (2x2-

model) and in ESM1 (section 1) for four classesi¢hodel) is presented.

The model simulates the Arcti€alanus species exposed to a range of TUs for a range of
exposure durations (2, 4, 8 and 16 days) and arahgxposed fractions of the population.
The exposure concentration is varied between 0.B/AE@., 90% of the NOEC) and 1.1 TU
(i.e., 10% above the LC50) in 16 equidistant expdiaésteps and the exposed fraction of the

population varies between 1 and 99% in nine eqiaididinear steps.

The affected fraction indicates the fraction of gogulation that is being exposed to oil. So

only that fraction will be affected, following ord two different approaches: 1)

13



280

281

282

283

284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

precautionary: all individuals exposed above theBdQlie instantaneously; 2) refined (full-
dose-response): individuals die as the result ohareased hazard rate, which depends on the
exposure concentration and duration (as describeded. No exchange of individuals

between the exposed and the unexposed fractidreqgidpulation is modelled. Recovery time

is evaluated for the entire population (both expcsed unexposed).

The recovery time is expressed as the minimum tegaired to reach the same peak number
of adult individuals (just after hatching) after @xposure. Because this definition is linked to
the census moment, just after hatching, the regauee is always expressed in number of
full years starting at 1. In reality, recovery aacur during the year before the reported

number of years.

For the precautionary approach this recovery tiarelte solved exactly (ESM1 section 3)

and is expressed as follows:

T = —log(1- f) eqn 4
log(A)
WhereT, is the recovery time in years,s the dominant eigenvalue of the population matri

(i.e., the population growth factor) ahts the exposed fraction of the population. Thebdeu

square brackets indicate that the value is routalé@d ceiling integer value.

For the refined approach the assessment of theegctime is more complicated and is
obtained through simulation with the matrix modéie development of th@alanus

population is simulated for a period of 102 yearsere the exposure takes place in the third
year, directly after hatching of the eggs. Onlfuif recovery takes less than 100 years, it can

be calculated using this approach.

14



301 At each of the simulated exposed fraction, exposareentration and exposure duration, the
302 two approaches (precautionary and refined) are epeapby the rati®, which is obtained by
303 dividing the recovery time for the precautionarpagach 1 (1) by the recovery time for the

304 refined approach 2T(,):

—

305 R eqn 5

—
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Results

Sensitivity and elasticity

When using the parameter values for the 2x2 anddodels as depicted in Table 1 the yearly
growth factor is respectively 1.02 and 1.01, meguinat both modelled populations are
almost stable under normal conditions. The matradehl parameter with the highest elasticity
is the adult survival (Table 2) in both models. &&ge all survival values have high

elasticities, the modelled populations are limibgdsurvival.

Modd simulations

The maximum difference between the approaches dspmnthe fraction of the population
that is exposed to the oil spill, but also on teanly growth factor of the population (egn 4,
Figure 3). The yearly growth factor of the 4x4 plgpion \=1.01) is slightly lower than that
of the 2x2 modelX=1.02). This difference in yearly growth factoruks in a larger

difference in recovery duration between the praoaaty approach and the refined approach
in the four life stages population than in the dapan with only two distinguished life

stages.

Figure 3 shows how the recovery durations for e approaches (precautionary and
refined) expressed as rafg change as a function of exposure concentratitl),(@xposure

duration and the fraction of the population thagxposed.

In both approaches, there is no difference in étietow the NOEC, which is the result of our
assumptions (i.e., no effects occur at or belowNB@EC). Just above the NOEC the
differences between the approaches are maximuia ¢b211 and 329 when 99% of the

population is exposed for the 2x2 and 4x4 modedeesvely): in the precautionary approach
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340

the fully exposed population dies instantaneousiyierthe effect in the refined approach is

relatively small (a daily increased mortality of 3#a concentration 10% above the NOEC).

With increasing exposure concentration (0.1-1 Thi,effects in the refined approach differs
less from the precautionary approach as can beisedinpanels of Figure 3. This is also the
case with increasing exposure durations (2-16 ddys$ is because with increasing exposure
concentration and duration, the effect in the ediapproach approximates the maximum

effect assumed in the precautionary approach.

When the exposed fraction of the population is éigfrom 1% to 99% of the population
exposed), the difference between the precauticaadythe refined approach also becomes
higher (from 0 to >300), as differences betweentweeare amplified when a larger portion

(>1%) of the population is exposed.
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Discussion

The matrix models

The population growth factor calculated with ourtrixamodels, based on literature data on
daily egg production and daily mortality rates,aaled that published mortality rates (see
below) appear to be too high to maintain stableupgdns in unpolluted conditions. Based
on this, the daily mortality probabilities in thiensilations matrices were adjusted to reach
stable populations under unpolluted conditionsdispill). With these values for the matrix
model parameters a sensitivity and elasticity asseat showed that changes in daily
mortality probabilities most heavily affect changegopulation dynamics. This implies that
realistic assessments of mortality rates overevegit duration (e.g. life cycle of the species),
and under relevant environmental conditions (tHfased by the species) are very important
to estimate the population level consequencesl giotlution. However, as described
previously, estimation of realistic mortality raiescopepods is difficult, because rates are site
and time dependent (Melle and Skjoldal 1998). Teasarement of mortality rates in the
laboratory or in the field often involves relatiyedhort periods of time (order of days or
weeks) when compared to the full life cycle of cope species considered, ranging from two
to more than four years. High mortality rates oatue to handling and catching individuals
with nets, transfer to containers, transport tq #atdl inspection under the microscope.
Established field estimates of mortality shows highability, and copepods often experience
high mortality in the laboratory (Arnkveern et 2005; Thor et al2008; Daase et.a2014;
Skardhamar et a011; Jung-Madsen et &013; Weydmann et .a2015). Reproduction
estimates (both timing of reproduction and numidergys produced) are also known to vary
considerably (Melle & Skjoldal 1998; Madsen et2801; Niehoff et al2002; Niehoff &

Hirche 2005; Varpe et al. 2007; Swalethorp et @L12 Hirche 2013; Daase et al. 2013).
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In constructing a matrix model another complicai®that the development of copepods and
therewith the generation time G&lanus spp. varies considerably, depending on geograbhica
region and food availability (e.g. Falk-Peterseale2009). Because of this high variability
due to local conditions we did not strive for oundel to represent a specific geographic
location. Instead, fixed generation times were ugger the assumption that they represent
C. glacialisandC. hyperboreus that occur in the relatively mild polar range sashthe

Barents Sea (2x2 model). Furthermd@ehyperboreus also occurs at more severe polar
conditions such as the Kara Sea, Greenland SeBilefjorden (4x4 model), following the
geographic regions as described by Falk-Petersain @009). The parameter values selected
for the matrix models are also simplifications hessamortality rates, growth and toxic

effects on mortality rates, were assumed to betaahsver life stages, whereas studies show
that the various nauplii and copepodite stages maag different rates for growth and

mortality (Arnkvaern et al. 2005, Grenvald et &@13).

By simplifying the real life cycle with all differa stages (eggs, nauplii, copepodites, and
adults) to a year-based model with average surtivvalighout the year, details were lost in
the composition of th€alanus population with respect to the distribution ovee tifferent
stages. However, this simple model for the dynamiaggouped juvenile and sub-adult
classes is easily adapted to data on the effdoixaf substances. One of the main results of
both matrix models is that the population growtttda is predominantly determined by the
survival of the considered life stages. Within thgearly survival probabilities adult survival
is relatively affecting the population growth factbe most. The combination of high
uncertainty of and high sensitivity for these sualirates could have affected the estimated

recovery durations results considerably.

In order to reflect a seasonal cycle, fixed periotlime were assumed in which reproduction,

growth and diapause takes place. Neither growthmmtality was assumed to take place
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390 during diapause, even though deaths are observewdhis period (Daase et al. 2014). This
391 also means that in our model oil spills have noaaotgluring the diapause season. Because oil
392 spills are often confined to the water surface iayad diapausing copepods migrate to

393 deeper water layers, the probability that oil spaffect copepods during winter seems limited
394 (Klok et al. 2012). Also, migration is not considdrin the current matrix model as a

395 mechanism for replenishing the population. Thisliegpthat there are restrictions to the

396 spatial dimensions for the applicability of the mbdhe population considered is exposed to

397 adefined concentration of toxic substance(s).

398 Thetoxicity model

399 The use of toxicity information into the model wasited for two reasons. Firstly, few

400 studies have been published that assess the impaitor oil components of. glacialis and
401 C. hyperboreus. Secondly, when toxicity information is availalihee end-points used often do
402 not fit into the life cycle parameters required fioatrix models. Most of the available data
403 consider acute or sub-chronic effects, i.e. theosxe duration is limited when compared to
404 the full life cycle. There are no known studiesttt@ver a significant part of the full life cycle
405 of Arctic copepods. Although the toxicity of oil €alanus species has been studied,

406 indicating e.g. that sensitivity varies amddg anus species (Grenvald et al. 2013;

407 Ngrregaard et aR014), scarcity of the toxicity data limits thelistic prediction of

408 population effects of specific exposures. Moreovariance in acute mortality values can
409 result in dramatically different population respesgStark et aR015). The matrix model

410 takes only the parameters of egg production, andafity rates into account, and therefore
411 several types of toxic impacts are not considemetié model. For instance, a reduction of
412 growth may result in a delay of stage developmehis could be fatal in case a particular

413 stage is not reached in time to be able to godi@pause during winter (Klok et al. 2012).
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The issues mentioned here are also a reason wbgytrenary measures are currently used,

when assessing an oil spill impact.

In our study, we used TU to express exposure cdrat@ns. The TU range applied in this
study increases up to 1.1, which corresponds &xansure concentration slightly above the
LC50. Exposure above LC50 values can be realistieid situations, especially directly
after and/or near the source of a spill (TableT8)s in field situations based on
concentrations from actual, experimental and mededpills range between 0.00003 and
15.63, with most values below 0.1 TU. Accordingto modelling results this means that for
field situations, the predicted impact based orptteeautionary approach compared to the
predicted impact based on the refined approachdvauinost cases lead to comparable
results but could also be overestimated by a fauft800 or more, especially when a larger

part of the population is exposed.

In the present study, toxicants are assumed tantesteously reach an equilibrium between
external and internal concentrations. In the Ar€atanus species studied here, this might not
be realistic, given their high lipid content anthtively large size (particularlg.

hyperboreus). Nordtug et al. (2015) compare relative oil chrare fromC finmarchicus for
different treatments but could not calculate absobtlearance rates due to technical
limitations. De Hoop et al. (2013) indicate thateetion of oil constituents in aquatic is
relatively slow. Consequently, effects calculatedehmay underrepresent the exposure

duration and overestimate the exposure concentrégiathe refined approach.

Consequences for impact assessment

Whether a population recovers and within which tspan critically depends on the migration
between the exposed and unexposed fraction ofadpelation. Therefore, the spatial scale of

the spill should also be considered (as this diezts the fraction of the population being
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exposed). Recovery also depends on life historyacheristics of the species that determine
the population growth factor, which in turn detemes the recovery rate, with a higher yearly

population growth factor causing a faster recovery.

Based on our results the impact (i.e. populati@overy duration) of an oil spill for the water
column may be highly overestimated using the precaary approach when exposure
concentrations exceed threshold concentrations apetian effect concentrations, especially
for relatively large spills (i.e. affecting a larffaction of the population). This may affect
impact assessment and the selection of properatigigtechniques in case of an oil spill.
However, care should be taken to directly adogst thore refined approach into oil spill
response strategies. Impact assessment used uatrgloptions for oil spill response (i.e.
NEBA) considers different compartments, e.g. théeweolumn, the water surface and shore.
If in all compartments a similar approach is udesirelative effect between compartments
can be compared correctly. Here, we only considanembre realistic approach in one of the
compartments (water column). When a more realégifwroach is also implemented in the
other compartments (e.g. water surface and shioegletative weight of the impacts makes
sense. As long as this is not the case, care sheuiaken to compare the effects of more

realistic approaches in some compartments and o@ise approaches in other.

Better and more realistic estimates of the nasualival rate and the toxic effects on this rate
are needed most to allow for a more realistic @ssent of population level consequences of
theseCalanus species in the case of an oil spill. Additionabgtter estimates of effects of oil
compounds on reproduction of th&3aanus species can further improve the prediction of

our models.

The matrix model provides more realism to assestsrieaditionally based on simple risk

characterisation ratios, where exposure conceotratre divided by predicted no effect
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concentration. The matrix model can translate edgoheffects to the population level. The
simplifications applied in the model and the la¢klata to parameterise the model, however,
make the interpretation of the model results intiieain the absolute assessment of oil spill
impacts. By comparing the two approaches on aivelatale, an indication of the level of
conservatism for the precautionary approach isioéta It implies that the current NEBA
which uses the precautionary approach does notesiiteate the effect imposed on

populations by oil spills.
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Appendix A

Life cycle graphs

In the region of the Fram Strait (Greenland Se#h bar focalCalanus species have a
generation time of two years (Falk-Petersen, 20H6je, individuals advance during the first
year to the life stage where diapause can betedtiaopepodite stage three (C3) @r

hyperboreus and copepodite stage four (C4) rglacialis (based on Falk-Petersen et al.

2009).
(a) Calanus hyperboreus (b) Calanus glacialis
Year 1 - Year 1
Year 2 and
Later years =
Year 2 and
Later years
(c) Calanus hyperboreus (d) Calanus glacialis

a,
C4-Adult females
as ay

a,
C5-Adult females
as a,

Figure A.1: the real (panels a and b) and modelled (panelsl dplife cycle with generation time of
two years ofC. hyperboreus andC. glacialis. N1-N6: nauplii stages 1-6; C1-C5: copepodite stdges

5; a;: reproductive valueg,: survival to adult female ara: yearly survival of adult females.
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From days to year

Vo(T+D) (0 &) v(7)

[Vl(”l)j _(az aj[vl(r)j eqn A.l
o(t+1 0 v,(t

[:/’1((t +1;J ) [Sg Slj(\\//lét))J fort=1...(365-w-b) egn A.2

Accounting for diapause in which everyone survige®s eqn. A.3
Vy(t+1) 1 0)v,(t)

= fort=(366-w-b),..., 365-b egn A.3
[vl(t+1> 0 1hv) (366=wb)...,{365-b) q

m
wt+1) |0 —S

2
v(t+1) [=]s, O
v(t+1)) |0

Vo(D)

j for t=366-b egqn A.4
vy(0)

Subsequently the spawning season lastdfetdays:

m
wit+1) |S O S [ w(D)
Vo(t+1) =] 0 s, 0 [ v(t) for t =(367-b)....,365 eqn A5
v (t +1) 0 0 s (W)

Just after the spawning season we have to retuhetoriginal two classes:

w(t +365)
Vo (t +369 1 00
= V,(t +365) egn A.6
v,(t +369 011
v,(t +365)

In total the year-to-year matrix, with tinteepresented in years, is:
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Vo(t+1D) | 0 msj‘“*b‘wM Vo(t)
(vl(m)j' 2 > (vl(t)j

365-w 365-w

s

eqn A.7

The characteristic equation for this matrix is give eqn A.8, and the dominant eigenvalue is

/1d — 0.551365\/\/ + 0.5\/(81365—w) +2m(sosl)365wsll b(S;) 2 J

b_ b
Az_slse&w/] _m 5, 365—wsll—b(so -S jzo eqn A8
2 (5%) S-S

It should be noted that in the elasticities belbe bgarithm logX) is the natural logarithm.

hor _ T ey

= T ) A9
e( ) /] ab /1(2/1—51365_\”)(50—51) eqn
o .
SO 6/] 50(5051)365—W([( 365-w+b) (i)a -(365-w) (z'i) ](SO-%_)-sl[ (;O)D_l]j
A eqn A.10
" 05, ) OV
A 365-w) 5,.365°W gsl(sosl)%&w (366wb) (i))+( 366-w) (50'51)“'51{(80)}4}
€)= e ks eqn A.11
Aos () Yy
maA ?(Soa)sﬁwsi[(ssf) ‘1]
om) = Aom A2 (sw) eqn A.12
WIn( )(s05) 385 W {50 _]
(W )_"_"@ ~wiog(s) 5265 YRR (sl) ' oo AL

Aow @5 T a2 (se)
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Tables

Table 1. The parameter values required for the matrix mgeat-to-year projecting and the
simulation model for daily accounting the populataevelopment. For the 2 year life cycle

the population growth factor with these parametdues is 1.02, while it is 1.01 for the 4 year

life cycle.
parameter description range min- value value  dimensio
max of 2 year 4 year
valuesfrom lifecycle lifecycle
literature 2x2- 4x4-
model model
b Number of days that eggs are laid (spawning season) 30-5T 30 30 d
w Number of days that diapause (winter) lasts 135-255 155 215 d
S Daily survival throughout the first year of life 0.85-0.998 0.9685 0.97 d*!
S Daily survival throughout the second year of life 0.851-0.97 0.998 0.991 d*!
S Daily survival throughout the third year of life 0.851-0.94 - 0.992 d*
S3 Daily survival throughout remaining life (at age)3  0.851-0.94 - 0.998 d+?

The number of eggs laid per day per female in the 11-127

m 47 47 Nod*
spawning season

Hirche (1989)7 Assuming diapause length is 365 days minus leafyginowth season (reported
growth season 3 to 6 months (120-180 days) (Ankvaeal. (2005), Ji et al. (2012), Darnis & Fortier
(2014)) and spawning season (30 day#&)ykvaern et al. (2005), Thor et al. (2008Melle &

Skjoldal (1998), Niehoff et al., (2002), NiehoffWirche (2005), Hirche (2013)
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705 Table2: Elasticity and sensitivity of (a) the 2x2 and (b¢ ¥x4 matrix model

706

(a)
parametr value sensitivity elasticity
Sa 0.9€85 61.€ 58.5
S 0.998 155 151
m 47 0.0057 0.26
b 30 0.0055 0.16
w 155 0.01 1.53
(b)
paramete value sensitivity elasticity
Sa 0.97( 25.31 24.21
S 0.991 22.88 22.36
S 0.992 22.86 22.36
S 0.998 82.37 81.07
m 47 0.0032 0.15
b 30 0.003 0.09
w 215 0.008 1.76
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707 Table 3: Toxic Units (TU) based on real, experimental (exqmyl model simulated (mod.) oll

708 spills in the (sub)Arctic. The derivation of theBd can be found in ESM1 section 4.

Type Location Release Spill size (m Treatment Substances TU Ref.
crude oil) of oil
Exp. Barents Water 7 Untreated Dissolved ~ 0.003-0.05 1
Sea surface hydrocarbons

Total hydrocarbons  0.001 -

0.008
Real Prince Water ~ ~45000  Untreated ~TPAH  000003-2
William  surface 1.40
Sound (mean
0.002)
Mod. Beaufort Blow-out, Max Untreated Dissolved aromatic0.03-6.25 3
Sea subsurface 2,009,000,000 hydrocarbons
release Dispersant Dissolved aromatic 0.03 -
during 30- application hydrocarbons 15.63
120 days

709 2 northern Gulf of Alaska; 1) Faksness et al. (902)1 Boehm et al. (2007); 3) Schroeder

710 Gearon et al. (2014)

711
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712 Figures

(@) (b)
Calanus hyperboreus Calanus hyperboreus
d,
Year 1 -
ds dultfemales
Year 2 =
Year 3
Later years| (Adultfemales

713 Figure 1: the real (panel a) and modelled (pané&fdtycle with generation time of four
714 vyears forC. hyperboreus. N1-N6: nauplii stages 1-6; C1-C5: copepodite esaly5;d;:
715 reproductive valuegh: survival to C4ds: survival to C54d,: survival to adult female (using a

716 sexratio 1:1) ands: yearly survival of adult females.
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Year 1 Year 2 Yearn

1 1 : 1
| T 1T 1
summer winter summer winter summer winter
g e g
rowth . 5 rowth . 5 rowth . 5
g diapause | 9 g diapause | 9 g diapause | 9
season o| season ) season o
o] Q0 0
Y ] é i i :
185 days!
180 days ¥ :

155 days
717 .

718 Figure 2: the year as modelled forhyperboreus life cycle with a generation time of two

719 years.

720

41



Calanus (2x2)

Exposure
duration (d)

25.50% exposed

62.25% exposed

99.00% exposed

13.25% exposed

50.00% exposed

86.75% exposed

1.00% exposed

37.75% exposed

74.50% exposed

1T 1T T 1
00c 0S1 00k 0S O

00c 0S1 00k 0S O

00c 0S1 00k 0S O

(¥) oneus uoneinp Alanoday

L0
S0
¥'0
€0
co

L0
S0
¥'0
€0
co

L0
S0
¥'0
€0
co

Exposure concentration (Toxic Units)

721

42



722
723

724

725

726

727

728

729

730

731

732

733

734

Calanus (4x4)
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Figure 3: The rati® (egn 5) between the precautionary approach (=veais scenario) and
the refined approach is shown for the Calanus 2a@eh(A) and 4x4 model (B). In 9 panels
the percentage exposed is increased linearly froom9D%, see the header of each panel. The
ratioR is given as a function of the exposure conceminadind the duration of the exposure
(denoted with different coloured lines). The lefistied vertical line resembles the NOEC
(n=1/ACR in TU) and the right-dashed vertical line ttC50 (=1 in TU). The minimum
recovery duration is one year. The rd&es equal to 1 when the precautionary approach and
the refined approach result in the same recovergtdun, wherR is greater than 1, recovery
times calculated with the precautionary approaeh@arger than those calculated with the
refined approach. The curves are not smooth, bedhesrecovery durations (used to

calculate R) are expressed as full years.
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ESM1: Supplementary information

1. Development and analysis of the 4x4 model for C. hyperboreus

(a) (b)

Calanus hyperboreus Calanus hyperboreus

Year 1 -

Later years =%

Figure S1: the real (panel a) and modelled (panel b) life eyeith generation time of four years for
C. hyperboreus. Note that only females are considered in the mddeIN6: nauplius stages 1-6; C1-
C5: copepodite stages 1h; reproductive valuag,: survival to C4ds: survival to C5gd,: survival to
adult female ands: yearly survival of adult females.

In some parts of the Arctic the life cycle @flanus hyperboreus lasts 3 or more years. In
those areas the development in the first yearefité of this Crustacean species starts with
the egg stage (50% is assumed female), via sixlinglgiages up to the third copepodite
stage. The next two copepodite stages both ladt gefar. Thereafter the individuals become
mature adults. Because we only consider femaldseimodel, this stage is called adult

females.

The 4x4-model is represented in figure S.1b anédbas the real life cycle (given in Fig.
S.1a). Thus, for the model with a generation tihior years the four classes(t), x.(t),
Xo(t), X3(t))" represent the just boalanus (0+ to one year old), 1+ to two years old, 2+ to
three years old and older than three years. Thielmstrix for this system (figure 1b) only

has positive values on the places marked with ésyisee equation 1; note that the time
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762

measured in years). How these positive values exigatl from daily-based rates and what
they look like in terms of daily survival and fedlity, is explained in the section “from days

to year” (below).

Xo(T+1) 0 0 0 d)x(7)
T d, 0 0 O
T+ |_|d, X(1) 5.1
X, (7 +1) 0 d; 0 0| x()
x(+)) (0 0 d, d)x(7)

Based on data from the life cycle ©f hyperboreus we have to consider that these
crustaceans do have a diapause period during grenamely when they have migrated into

the deep. We assumed that in this period no myratid reproduction takes place (Fig S.2).

Year 1 Year 2 Year n
1 : 1 : : 1

] { i { i

summer winter summer winter summer winter

@ o o]

rowth = rowth . = rowth . =

g diapause | 9 g diapause | © g diapause | 9

season of season 9] season )

0 Q0 Q0

Y T i : :

245 days : :
:120 days y :

: 215 days

No mortality occurs during diapause

Figure S2: the year as modelled f@. hyperboreus life cycle with a generation time of four years

From days to year

Assume that diapause lagtglays and the spawning season ldstlays. We start to model
just after the spawning season, because we modekpawning. Then we had65-w—-b

days during which for the four classes only thdydsuirvival probabilities should be

accounted for. The daily survival probabilities eggpectively,, s, s, ands,. For those days

equation A.1 holds, here the tihis given in days.
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Xt+D)) (5 0 0 0)x(t)
xt+D) | [0 s 0 O] x(t) B o

wt+)|7 0 0 s 0]x@ for t=1,...,(365-w-b) eqn S.1
%(t+)) (0 0 0 s )\ x(t)

X(t+1)) (1 0 0 0} x(t)
x(t+) | [0 1 0 Of x(t)

= t=(366-w-b),... (365~ _
@+ | 10 0 1 0olxm| (366-w~-b).... (365-b) eqn S.2
xt+D)) (0 0 0 1) x(1)

Because the matrix is the identity matrix during {period, this period is not accounted for in
the product matrix that considers the full yearlyCGadults reproduce, and the newborn female
Calanus sp. are temporarily stored in the variajl®. For the first day of the spawning

season we have to create this temporary variable:

Ye+D) lo 0 0 Tsl g,
(t+1) 2 o(t)
%o $ 0 0 0 |yq
x(t+) [=| o s 0 O %) for t =366-b eqgn S.3

Subsequently the spawning season lastbfeidays:

yt+D) [s 0 0 o Mg | v
U+ 1o s 0 0 20 %(t)
xt+)|=|g 0 s 0 o | for t =(367-b),...365 eqn S.4
X, (t +1) 0 00s O X (1)
X(t+1) 0 00 0 s X, (t)
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Just after the spawning season we have to retuhetoriginal four classes:

X,(t+365) (1 0 0 0 O y(tti‘;z?
x(t+369 | [0 1 0 0 0 ™ ) o5
%,(t+365 | |0 0 1 0 o 4t+36%) ean =.
X, (t +365)
x(t+365) (0 0 0 1 1
X, (t+365)

In total the year-to-year matrix, with tinteepresented in years, is:

b_ b
x,(7 +1) o 0 0 gs:“b‘{%j %)) (%)
XD e g . JON I RO T
G ) I I . %@ | | %) |
X (7 +1) 0 0 & 5 X5(7) %3(7)
Elasticities:
The characteristic equation for mattixs:
m b_ b

A= —5(50315253)36”%1"[’[—30 i ]:0 eqn S.7

SO_

The dominant eigenvalue of this characteristic éqnacan only be calculated numerically
and when the dominant eigenvalue is known for paldr parameter values, the elasticities
(or relative sensitivities) can be calculated ughnganalytic expressions below (derived via
implicit differentiation of the characteristic edioe), for the elasticity of parametbr(egn
S.8), parametex, (egn S.9), parametsy (egn S.10), parametsr (egn S.11), parametsy

(eqn S.12) parameten (egn S.13) and parametereqgn S.14).

_bor ol 3feemr (3]

- K = eqn. S.8
A db

e(b)

(4 23 /]333365—W)(SO_33)
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Figure S3: The influence of the length of the winigmon the population growth factor in the 4x4
model It should be noted that when the winter lasts lonigen the modelled population has a longer
time period without mortality and thus the popuwatgrowth factor increases with
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2. Detailed description of literature data for Calanus.
Reproduction

In the field, the egg production rate@dlanus varies during the active season, depending on
for example the food supplZ(glacialis , Melle and Skjoldal (1998)). During the algal
bloom in the polar front region of the Barents Seaegg production df. glacialis ranged

from 17 to 77 eggs dper female in April, whereas average reproductiaines are
respectively 22 and 11 eggs ger female in March respectively May-July (Melteda

Skjoldal 1998). Lower values were observed in taklfoy Daase et al. (2013), namely a
maximum of 18-23 eggs per week forglacialis across the Arctic. However, such low rates
have not been reported by other studies. Laboratgogriments conducted afO with
femaleC. glacialis collected from the East Greenland Current in hfri987 and 1988
showed egg production rates of 29 + 31 (mean }am 42 + 38 eggs’tper female,
respectively (Hirche 1989). More than half of teenfles were laying eggs during 30 to 35 d,
while 20% was actively spawning for up to 51 dtHa Lurefjord (western Norway) Niehoff
and Hirche (2005) observed a maximum egg productiteaforC. glacialis in March of 36
eggs d* per female and a range of 18-112 egdper female foC. glacialis at different
locations in the Arctic was reported. Rorhyperboreus reported egg production values are
between 1,000 and 3,800 eggs per yeafpayperboreus female (Hirche 2013). Calculated
values forCalanus species, based on the observed rates by Melle and Skj{1@818) and egg
production rates dfalanus species in Disko Bay, West Greenland were siniNéehoff et

al. 2002): 33 eggs UperC. hyperboreus female (March) and 40 eggs'gerC. glacialis

female (May).
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Active season

Field observations in Billefjorden, Spitsbergen k&aern et al. 2005) showed a sharp
increase in abundance (ind?nof C. glacialis andC. hyperboreus in May with peaks in
June C. hyperboreus) and July C. glacialis). Copepods, recruited from new-borns and
surfacing overwintering adults, were found in tledéagic from March €. hyperboreus)
respectively May(. glacialis) until August. They remained in the pelagic fanénths C.
hyperboreus), respectively 4 month€( glacialis) and during this period reproduction take
place. The reproductive period coincides with tlgalebloom. Modelling results of Ji et al.
(2012) indicate that the length of the algal blo@mges from approximately 80 to 150 days
based on chlorophyll concentrations and about @5®0 days based on snowmelt, for the
north and south of Spitsbergen, respectively. Theeoved growth season length of ca.150
days fits these calculations. Darnis and Forti@d @) investigated the seasonal vertical
migration of dominant arctic copepod speciéshyperboreus) in Amundsen Gulf, Beaufort
Sea. This spec. resides in the deep Atlantic Lagen December to mid-April, rapidly
invades the surface layer at the onset of the jpihgdéton bloom in early May, and started its
descent to overwintering depth in July. In cont@gglacialis overwinters at shallower
depths thar€. hyperboreus and moves into the surface layer in early Aprilcasalgae bloom,
and remains in the subsurface until the end of. Although diapause at depth during winter
is a common observed strategy @alanus (e.g. Ankvaern et al. 2005; Darnis and Fortier
2014; Falk-Petersen 2009), there are also obsenstifCalanus spp. in the surface water
layers during winter, suggesting they may be mot@ during winter than often assumed
(Daase et al. 2014; Berge et al., 2015; Blachov@akiolyk et al., 2015). In summary, the
growth season lengths found in literature@oglacialis equalled 4 months in the Beaufort
Sea (Darnis and Fortier 2014) and Billefjorden tSpmrgen (Ankvaern et al. 2005) and @r

hyperboreus it ranges from 3 months in the Beaufort Sea (Baanid Fortier 2014) to 6
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months in Billefjorden, Spitsbergen (Ankvaern et24l05). Based on these data a yearly
growth season of approximately 4 months was use@.fglacialis and 4 or 6 months fd.

hyperboreus in our models.
Mortality

Natural mortality ofCalanus in the Arctic is caused by predation, starvatemyironmental
conditions, and parasitic or viral infection (Daasel. 2014). Mortality constants for the
various life stages are site and time specific mgknortality estimation very complex (Melle

and Skjoldal 1998).

Hatching success f@. hyperboreus was 75-98% (Jung-Madsen et al. 2013) andCfor
glacialis 75-86% (Weydmann et al. 2015). Mortality ratesrfauplii are in the range of 0.04
and 0.09 @ for C. hyperboreus (Jung-Madsen et al. 2013) and 0.04 and 0-®&od C.

glacialis (Daase et al. 2011; Jung-Madsen and Nielsen 28Egause both studies note that
the mortality rates are high, these values aregiiyinot representative for a natural

population.

Relative mortality rates for copepod stages infigld are estimated by Ankvaern et al.
(2005) in Billefjorden, Spitsbergen, during MaralyJat ambient temperatures as
approximately 0.01 (C1), 0.02 (C2), 0.04 (C3), 0iG8), 0.12 (C5) and 0.15 (adult females)
d™ for C. hyperboreus. In the same study relative mortality rates estémidorC. glacialis
were lower, namely approximately 0.005 (C1 and 0215 (C3), 0.03 (C4), 0.08 (C5) and
0.06 (adult females)d Thor et al. (2008) investigated relative moratites of copepods
(stages C1-C5) in Disko Bay, western Greenlandndutune 2001. Reported values @@r
hyperboreus were approximately 0.005 (C1 & C2), 0.06 (C3),80G4) and 0.06 (C5) 4

and forC. glacialis 0.1 (C1), 0.13 (C2), 0.15 (C3) and 0.0 (C5) (Thor et al. 2008). No

value for C4 was reported. Both studies mentionttimortality rates are high and that this
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was probably caused by predation (Ankvaern etGfl52Thor et al2008). Both the mortality
values for the copepod stages based on field ohiseng and the estimates for the nauplius
stages from laboratory experiments can only be asexh indication because of the high

variability in ambient conditions throughout thecic Ocean.
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3. Exact solution for the precautionary approach (egn 4 in main text)

In the assumption that the population is at itblstage distribution the dominant eigenvalue
A is the yearly population growth factor and thergda recoveryl, is based on growth froin
to 1.fis in this case both the fraction of killed indluals as well as the exposed fraction of

individuals (i.e., the precautionary approach fritw@ main text). We arrive at:
AT =2 eqgn S.21

Which can be solved by:

T = luth) eqn S.22

r log(A)

For comparability with simulation results, the s@n needs to be rounded to its integer

ceiling (indicated by the double rectangular braske

_|| ~log@-f)
Tr —{{W}} eqn S.22
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933 4. Derivation of field relevant Toxic Units

934 In our study we used TU to express exposure coratents. The TU range applied in this
935 study increases up to 1.1, which corresponds &xaonsure concentration that is 10% above
936 the LC50. Exposure above LC50 values can be reallstield situations, especially directly
937 after and/or near the source of a spill. AfterExeon Valdez oil spill in 1989 (located in

938 Prince William Sound, a subarctic fjord-type embawtof the northern Gulf of Alaska)

939 1288 water samples were taken along the spill jpatat same year (Boehm et al. 2007). The
940 highest measured concentration of total poly-aragtdrocarbons (TPAH) was 42 ppb

941 (range <0.001-42, mean 0.058 ppb) with only 9 sampbntaining more than 10 ppb TPAH,
942 which is the State of Alaska’s water-quality stanadi@r total aromatic hydrocarbons (Boehm
943 etal. 2007). Taking the LC50 value f0rglacialis exposed to mechanically dispersed oil of
944 30 ppb total PAH (Gardiner et al. 2013, see Tahlg ®is relates to a TU between a small
945 value of less than 0.00003 and a maximum of 1.46a(m0.002 ). A field experiment in the
946 Barents Sea (where crude oil was released betvnednd floes and was left untreated to
947 study oil weathering and spreading in ice) shoveseel concentrations of oil, ranging

948 Dbetween 0.1 and 1.5 ppb dissolved hydrocarbonge8&Ippb total hydrocarbons (Faksness
949 et al. 2011). The water soluble fraction was doteiddy PAHs. For total hydrocarbons this
950 relates to a TU ranging between 0.001 and 0.008=¢(ban a LC50 value of the water

951 accommodated fraction of oil after mechanical disioe: 4000 ppb total petroleum

952 hydrocarbon (Gardiner et al. 2013). The toxicitytted water soluble fraction of oil has been
953 studied forCalanus spp. (Jensen and Carroll 2010), but LC50 valuee wet determined.

954 Therefore, we take the concentration of dissolvati 3.6 ppb, at which no effects on egg
955 hatching and egg production fGalanus spp. were observed (Jensen and Carroll 2010) and
956 calculate the LC50 using the ACR of 8.8 (May etl16) to be 32 ppb. With these

957 assumptions, this relates to a TU between 0.003&d% Besides actual spill concentrations
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958 and experimental spill concentrations, as descréieye, our results can also be compared to
959 concentrations from oil spill modelling. Multiplgges of oil spill scenarios that could occur
960 in the Beaufort Sea have been analysed (SchroezioG et al. 2014). Dissolved aromatic
961 concentrations ranged between 1 and 100 ppb, wittesoccasional spikes of up to 200 ppb
962  within max 250-500 km of the spill site (Schroe@sraron et al. 2014). In some cases

963 dissolved aromatics could persist up to 30 days #fie end of the release. Subsurface

964 dispersant response often resulted in dissolvematio concentrations between 100 and 500
965 ppb (Schroeder Gearon et al. 2014). LC50 valuearfamatics have not been found in the
966 literature. Aromatics refer to both mono-aromaftit® highly volatile compounds benzene,
967 xylene etc.) and poly-aromatics (i.e. PAHs). Asqugrthat the modelled concentration of
968 dissolved aromatics are mainly PAHs (as the morimcgompounds rapidly evaporate), this
969 relates to TUs between 0.03 and 6.25 for untreaitethd between 0.03 and 15.63 for

970 chemically dispersed oil (based on the calculaté80.for dissolved petroleum compounds,
971 see above, and disregarding the effect of dispeysamthe toxicity of oil). In summary, TUs
972 in field situations range between small values teaa 0.00003 and 15.63, with most values

973 below 0.1 TU.
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Table S11 Toxicity data available from literature for C. glacialis

Exposed to Effect Duratio  Effect value Unit Reference
Artificial EC50 (survival) 96 h 5.25+2.20 fraction of thedilmted produced water Camus e
produced water NEC 96 h 0.23+0.14 fraction of the undiluted proeld water Camus et
""" [C50 ~ ~ ~12d 22495 mgll, petroleum hydrocarbon  Gardiren

LC50 12d 30-75 mg/l, petroleum hydrocarbon Gardiredr
Chemically LC50 12d 0.06 + 0.03 mg/l, total PAH Gardineet
dispersed oil LC50 12d 0.13+0.08  mg/l, total PAH Gardineet

LC50 12d 0.026 +0.0i6 mg/l, naphthalene Gardinet

LC50 12 d 0.054 +0.031 mgl/l, naphthalene Gardinet
:/Ie;an::al; T Lcs0 T T 12d T 40+11  mg/l petroleum hydrocarbon | Gardiren
dispersed ol LC50 12d 0.03 £0.01* mg/l, total PAH Gardirgdr

LC50 12d 0.05 + 0.034 mg/l, naphthalene Gardinet
Water ~ ~ ~ LCs0 " 96h 1037 pgTHCL ~ T~ T T T T 7 Hanseret a
Water soluble ~ LOEC (reduced 12d 104  pg/l PAH (i6-EPA) Jensen anc
fraction (WSF) of NOEC (egg 12d 3.6 ug /l, PAH (16-EPA) Jensen anc
oil NOEC (egg 12 d 10.4 ug /I, PAH (16-EPA) Jensen anc

EC50: the effective concentration at 50%, whicthesconcentration that causes adverse
effects in 50% of the test organisms; LC50: thkdetoncentration at 50%, which is the
concentration that causes 50% of the test orgartismmi®; NEC: no effect concentration,
which is the concentration that will not cause Haat to the test organisms; THC: Total
hydrocarbon concentration; * Early open-water seasblLate open-water season; # adult
females were exposed during 12 days. Egg hatchiogess was examined during 2 days after

the exposure treatment.
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Highlights

« Population models are set up for two Arctic Calanus spp.

«  Toxic effects of oil on model parameters are included based on theoretical approach
« Recovery is compared using a precautionary and full dose-response approach

e Just above the NOEC the ratio between the two approaches can be more than 300
e This indicates the level of conservatism used in oil spill response



