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Abstract

Copepods dominate the zooplankton communities and support large fisheries within the
Humboldt Current System (HCS). Using detailed data of live/dead compositions, along with
stage durations and molting rates, we derived for the first time both predatory and non-predatory
mortality rates of the three main copepod species, Paracalanus cf. indicus, Acartia tonsa and
Calanus chilensis, within HCS, and examined their relations with environmental factors.
Predatory mortality rates of all three species increased linearly with developmental stages, hence
body sizes, indicating top-down control by predators that prefer larger prey. Intrusion of oxygen-
poor water via upwelling and low chlorophyll a concentration were linked to increased non-
predatory mortality rates of P. cf. indicus and A. tonsa, whereas non-predatory mortality rate of
C. chilensis was positively correlated with temperature. On average, non-predatory mortality
accounted for 34.8 to 46.3 % of the total mortality among the three species. Changes in
upwelling intensity caused by climate change may alter the extents and patterns of predatory and

non-predatory mortalities in the HCS copepod communities.

Keywords: Copepods mortality, Neutral Red stain, copepod carcasses, Vertical Life Table,

Chilean Humboldt Current System.
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1. Introduction

Mortality is a critical but poorly quantified parameter in copepod population dynamics
(Ohman & Wood 1995, Runge et al. 2004). The main cause of copepod mortality is generally
assumed to be predation (Verity & Smetacek 1996), but many non-predatory factors can also
cause mortality, such as diseases (Delgado & Alcaraz 1999), parasites (Kimmerer & McKinnon
1989, Burns 1985, Ohtsuka et al. 2004), physical and chemical stresses (Roman et al. 1993;
Bickel et al. 2011), starvation (Tsuda 1994), and senescence (Ceballos & Kigrboe 2011; Saiz et
al. 2015), all of which may leave carcasses behind. Indeed, a meta-analysis of literature data
suggests that up to one-third of the mortality in marine pelagic copepods can be attributed to
non-predatory causes (Hirst & Kigrboe 2002), and copepod carcasses have been observed around
the world, at times in high abundances (Yafiez et al. 2012; Tang et al. 2014; Yaiiez et al. 2018;
Tang et al. 2019b).

Recent studies have shown that ignoring even a small magnitude of carcass abundance and
non-predation mortality could lead to large errors in population growth and secondary production
estimates (Elliott and Tang 2011a; Yafiez et al. 2018). Furthermore, predatory mortality
represents an upward trophic transfer of copepod biomass, whereas non-predatory mortality
represents a potential diversion of copepod production to the microbial loop (Tang et al. 2006,
2009; Bickel & Tang 2010) or sinking fluxes (Sampei et al. 2009, 2012; Ivory et al. 2014; Tang
et al. 2019a). Therefore, proper quantification and separation of predatory and non-predatory
components of mortality is critical to a more accurate understanding of the pelagic food web. In
this regard, the Neutral Red staining method allows researchers to distinguish between live and
dead zooplankton in field samples (Elliott & Tang 2009), thereby providing a means to quantify
predatory and non-predatory mortalities (Elliott &Tang 2011a; Yafiez et al. 2012, 2018).

The Humboldt Current System (HCS) is among the most productive pelagic ecosystems

(Thiel et al. 2007). Copepods dominate its zooplankton communities and support large fisheries
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in the region (Espinoza & Bertrand 2008). Copepod population abundances within the HCS can
be highly variable (Hidalgo et al. 2010, 2012; Pino-Pinuer 2014), but investigation of copepod
mortality rates and patterns has been lacking. In northern Chile, Mejillones Bay (23°S) is one of
the most important upwelling centers within the HCS (Marin et al. 1993). Shallow cold-water
masses with low oxygen concentration (Equatorial Subsurface Water, ESSW) associated with the
Oxygen Minimum Zone (OMZ) are present due to upwelling events that occur year-round
(Marin & Olivares 1999). The ESSW supports a high zooplankton diversity, with at least 107
species of copepods (Hidalgo et al. 2010), nine of which are numerically dominant (Escribano et
al. 2012). The abundance and biomass of the copepod community in Mejillones Bay are
influenced by the vertical distribution of dissolved oxygen (Yaiiez et al. 2012), upwelling
intensity (Escribano et al. 2009, 2012), upwelling shadow and advection (Giraldo et al. 2002). A
recent study suggests that the copepods are highly sensitive to environmental variability, as
reflected by changing abundance of copepod carcasses in the coastal waters in response to
changes in upwelling intensity that reduce or expand the oxygenated surface layer in HCS
(Yaiiez et al. 2012).

In this study, we used the Neutral Red staining method to measure the stage-specific live/dead
compositions of the three major copepod species: Calanus chilensis, Acartia tonsa and
Paracalanus cf indicus in the Mejillones Bay (Hidalgo & Escribano 2001, Hidalgo et al. 2010)
over two annual cycles. From these data we then, for the first time, calculated and compared
their predatory and non-predatory mortality rates, and examined their relationships with the
environmental conditions.

2. Materials and Methods
2.1 Field sampling

The study was conducted in northern Chile (Mejillones Bay) within the Humboldt Current

System (HCS). Monthly sampling was performed from January of 2010 to December of 2011 at
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three stations along a coastal transect: St-1 (23° 04.2°S, 70° 25.8’W; maximum station depth
(Zmax) = 60 m), St-2 (23° 02.4’S, 70° 27.0°W; Zmax = 90 m) and St-3 (23°0.2°S, 70° 28.2°W; Zmax
= 120 m) (Fig.1). Water temperature, salinity, and dissolved oxygen (DO) were measured at each
station using an autonomous oceanographic profiler CTD-O SeaBird SBE-19 plus deployed
down to 50-m depth. Phytoplankton biomass was measured as concentrations of chlorophyll a
(Chl-a). Water samples for Chl-a measurements (at 10 and 50 m depths) were obtained using a 5-
L Niskin bottle. Chl-a was measured fluorometrically after filtration onto GF/F (0.7 mm) filters
(Morales & Anabalon 2012; Anabalon et al. 2014). Intensity of upwelling was calculated as
Ekman transport using the equation of Mann & Lazier (1991):

M, =2 [1]
where M, is Ekman transport (m® s km™), fis the Coriolis parameter and t,, is along-shore wind
stress (p,). M, is positive for south wind (upwelling) and negative for north winds
(downwelling). 7, was estimated as:

T, = pg X Cd X (|, 2]
where p,, is air density (1.21 kg m?), Cd is the empirical constant of drag coefficient (=0.0014),

and Vj, is the along-shore wind velocity (m s™1). Ekman transport was averaged monthly from

daily estimates based on wind data from the meteorological station in Cerro Moreno airport
(http://164.77.222.61/climatologia/)

Copepods were collected by vertical hauls through 0—30 m during the day using a WP-2 net
(200 pm mesh and a 50-cm mouth diameter) equipped with a flowmeter. The abundance data
were corrected for potential undersampling according to Yafiez et al. (2018). We applied the
correction factors only for C1-C3 of Acartia tonsa and Paracalanus cf. indicus, and C1 and C2
of Calanus chilensis because there were no differences between mesh sizes for the later stages.
Our target copepod species are concentrated in this oxygenated upper layer (Hidalgo et al. 2010;

Yafiez et al. 2012; Donoso & Escribano 2014; Ruz et al. 2015). Upon retrieval of the net, the
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samples were transferred to a chilled container and immediately treated with the vital stain
Neutral Red (Elliott & Tang 2009, modified by Yanez 2009 and Yanez et al. 2012 for local
conditions). Briefly, each sample was incubated with 2—4 ml of Neutral Red stock solution (0.5%
w/v) for 10 min. Afterward, the stained samples were concentrated and briefly rinsed with
filtered seawater to remove excess stain, then preserved in 4% neutralized formalin solution in
the dark, and processed further in the laboratory within 3—6 months. In the laboratory, the stained
samples were concentrated and briefly rinsed with filtered seawater, then acidified by 0.3 ml of
IM acetic acid to develop the stain’s color. Under a stereo-microscope (20—40 x), the dominant
copepod species Paracalanus cf. indicus, Acartia tonsa and Calanus chilensis were counted and
identified to developmental stages from entire samples. The body size was measured using a
calibrated reticule (micro-ruler) attached to the eyepiece of the microscope. Individuals that were

alive at the time of sampling appeared red, whereas dead ones remained unstained.

2.2 Copepod stage durations

Development times of the different stages were calculated from empirically measured molting
rates (Equations 2 and 3 in Table S1). Details of the molting rate experiments are reported in
Yafiez et al. (2018). The data were then applied to equation of Beléhradek (1935) (Equation 1 in
Table S1) for the relevant environmental temperatures (Table S2) to derive in situ stage-specific
development times; these development times were used to calculate stage durations (D; for stage
i, days), which were then used to calculate mortality rates.

All three copepod species showed significant temporal and ontogenetic differences in stage
durations (Fig. S1; Table S3). Stage durations decreased with increasing temperature in all three
species. For P. ¢f. indicus and C. chilensis, development progressed with similar stage durations
through the early copepodite stages (C1-C3), then slowed through the C4 and C5 stages (i.e.
longer stage durations). For A. tonsa, development progression was almost identical between C1

and C2, and between C3 and C4, then slowed considerably in C5. Overall, A. tonsa tended to
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have shorter stage durations than the other two species for all stages and across all temperatures.

2.3 Predatory and non-predatory mortality rates

We estimated the predatory and non-predatory components of mortality using the Vertical Life
Table (VLT) method as modified by Elliott & Tang (2011a) by distinguishing between live
copepods and carcasses (Table S1). In this method, both live copepods and intact carcasses were
treated as survivors of predation, but only live individuals proceeded to the next life stages.

Thus, by using both the abundances of live copepods and carcasses, stage duration and carcass
turnover rates (Equation 4 in Table S1), predatory mortality rate and total mortality rates were
solved for iteratively (Equations 5, 6 and 7 in Table S1). Non-predatory mortality was then

calculated as the difference between total mortality rate and predatory mortality rate.

2.4 Statistics

Normality was tested by the Kolmogorov-Smirnov test (Zar 1984). When necessary, the data
were log transformed (n+1) to meet the requirement of normal distribution. Seasonal and annual
differences in the oceanographic conditions, differences in stage duration and predatory and non-
predatory mortality rates among development stages and between years were tested with a two-
factor General Linear Model (GLM) (a = 0.05) after checking that the data met the parametric
assumptions. Spearman rank correlations were used to test for linear relationships between

parameters (o = 0.05). Statistical analysis was done using Minitab v. 11.

3. Results
3.1 General oceanographic conditions
Oceanographic conditions for both years are summarized in Table S2. The Ekman transport

was positive during much of the study period, indicating prevailing upwelling conditions (Fig.
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2a). In contrary to the previous suggestion of weak seasonality of upwelling in Mejillones Bay
(Sobarzo et al. 2007), we observed significant seasonal variations in Ekman transport (Table S3),
with the strongest Ekman transport occurring in late winter and early spring, reaching 700 m? s™
km!in October 2010 and 941 m? s' km™ in September 2011, whereas the lowest values were
found in the fall. Water column temperature ranged between 11.9 °C and 17.3 °C during the
sampling period. A warmer period in the summer/fall and a colder period of winter/spring
months (Fig. 2b). The water column was strongly thermally stratified, with the isotherm of 16 °C
at 10 m depth most of the time. The lowest temperatures were recorded in water deeper than 50
m. Intrusion of cold upwelled water caused the shoaling of the 14 °C isotherm to near 20 m
between July 2010 and March 2011 and in September 2011.

Salinity was rather stable at 34.8-34.9 in both years (Fig. 2¢) and without significant changes
between seasons (Table S3). Dissolved oxygen concentration showed similar seasonal patterns
between years, with an oxycline at 10-20 m depth (Fig. 2d). In 2010, the average upper
boundary of the OMZ (1 ml O21"") was at 22.0 + 8.8 m and a very deep OMZ was observed in
August. In 2011, the upper limit of the OMZ was at an average depth of 26.0 = 17.0 m and was
deeper than in the previous year between June and September. Chlorophyll a concentrations

showed significant seasonal and yearly differences (Fig. 2e, Table S3).

3.3 Predatory and non-predatory mortality rates

There were significant ontogenetic and temporal differences in predatory mortality rate
among the three copepod species (Table S5). The estimated predatory mortality rate of P. cf.
indicus was generally higher in the older stages of C3—CS5 than in the younger stages of C1-C2
in both years (Fig. 3 a,b). The predatory mortality rate of A. fonsa reached its highest value in
C2-C5, especially in the winter-spring period (September—December) in both years, and lowest

in the summer period (January—March) (Fig. 3 c,d). Likewise, the predatory mortality rate of C.
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chilensis was lowest in the summer and fall, and was very high in stages C2—C5, especially in
November (Fig 3 d, e). Predatory mortality was positively correlated with dissolved oxygen for
all three species, negatively with chlorophyll a for A. tonsa, and negatively with temperature for

C. chilensis (Table S5).

There were significant ontogenetic, but not temporal, differences in non-predatory mortality
rate of P. cf. indicus and C. chilensis, and the rate also varied significantly between months in A.
tonsa (Table S5). The estimated non-predatory mortality rate of P. cf. indicus was generally
higher in stage C5 in 2011, and lower in C1-C2 in both years (Fig. 4 a,b). The non-predatory
mortality rate of A. tonsa was highest in C1-C4 in the spring (September—December) in both
years and in C5 in the fall-winter period (April-July), and lowest in the summer period
(January—March) (Fig. 4 c,d). Likewise, the non-predatory mortality rate of C. chilensis was
lowest in the summer, and was high in the spring especially for C5 (Fig. 4 d, ). Non-predatory
mortality was significantly and negatively correlated with dissolved oxygen and chlorophyll a in
both P. cf. indicus and A. tonsa, whereas it was positively correlated with temperature in C.

chilensis (Table 1).

Total mortality rates over the two years increased with developmental stages in all three
species (Table 2, Fig. 5). The partition of mortality between predatory and non-predatory
sources, however, remained rather constant across the developmental stages for each species,
with predation contributing to a larger portion of the total mortality. On average, predation
accounted for 53.7% of the total mortality in P. cf. indicus, 56.4% in A. tonsa, and up to 65.2%

in C. chilensis (Table 2, Fig. 5).

4. Discussion

The high variability of copepod abundances within the HCS (Hidalgo et al. 2010, 2012; Pino-
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Pinuer 2014; Yaiiez et al., 2018) suggests a very dynamic balance between birth and mortality. In
addition to predation, the presence of OMZ and upwelling events are also key drivers of
population dynamics and secondary production within the HCS (Escribano et al. 2009, 2012;
Yaiiez et al. 2012). During this study, the chlorophyll a concentration was variable, but it was
generally at levels not considered to be limiting to zooplankton (Escribano et al. 2016), except in
the winter months when the water column was more mixed and the OMZ was restricted to the
deeper depths, and when chlorophyll a was nearly depleted (0.02 mg m™). The water column
was thermally stratified with low DO for much of the years, consistent with previous findings
(Escribano et al. 2004; Ruz et al. 2015, 2017).

An interesting observation from this study is that mortality rate increased with developmental
stages in all three species. Elliott & Tang (2011a) showed that over an annual cycle in the
Chesapeake Bay, copepodite mortality rates were generally higher than naupliar mortality rates.
In Lurefjorden, Norway, where predatory copepods were abundant, the mortality rate of Calanus
spp. decreased substantially as the copepod developed through the naupliar stages, but
subsequently increased slightly between C1 and CV (Eiane et al. 2002). A similar increase in
mortality rate in late copepodite stages was also observed in Calanus finmarchicus in the North
Sea (Eiane & Ohman 2004).

In our study, we observed that the older copepod stages had longer stage duration than the
younger stages (Fig. S1), which agrees with an earlier study (Escribano et al. 1998). The
increasing stage duration means an increasing chance for the older stages to succumb to both
predatory and non-predatory mortalities. The estimated mortality rates of C1 were comparable to
the global average values (ca. 0.10-0.15 d™!; Hirst & Kigrboe 2002) for the observed temperature
range, but were much higher for the later stages (up to 0.55 d'). Nevertheless, similarly high
CV-adult mortality rates have been reported elsewhere; for example, a mortality of ca. 0.5 d! has

been reported by Ohman & Hsieh (2008) for Calanus pacificus within the California coastal
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upwelling system, and by Maud et al. (2018) for Calanus helgolandicus at L4 station. Elliott &
Tang (2011) derived temperature-dependent copepodite mortality for Acartia tonsa in the
Chesapeake Bay, reaching ca. 0.5 d! at 14 °C, which is nearly the same as our estimate for that
average water temperature.

Apparently, these copepod species have different strategies to maintain their populations
despite the high estimated mortality rates. The spawning frequency of these species is unknown,
but is probably high because all life stages can be found year-round (Escribano et al. 2007;
Hidalgo & Escribano 2008; Ruz et al. 2015), indicating frequent reproduction and short life
cycles. A fast Development Rates (DR) may allow young stages to reach maturity sooner,
thereby ensure a continuous supply of gravid females. For example, Calanus chilensis
development time is 22 days at 17°C (Escribano et al., 1998), with 17 generations per year;
Paracalanus cf. indicus development is 8 days at 17°C, with 45 generations per year (Escribano
et al., 2014), while Acartia tonsa is 25 days at 17°C (McLaren et al., 1969), with 15 generations
per year. Moreover, C. chilensis has been shown to have high egg production rate (EP; 29 eggs
female™ d!) (Escribano et al., 2014), whereas P. cf. indicus and A. tonsa have high egg hatching
success (HS; 52% and 73%, respectively) (Escribano et al., 2014; Ruz et al.,2015). Therefore,
fast DR coupled with high HS in P. cf. indicus and A.tonsa and high EP in C.chilensis appear to
be their strategies for sustaining their populations and achieving dominance in the HCS.

Using Neutral Red staining and the modified VLT method, we were able to partition mortality
into predatory and non-predatory sources. Predatory mortality rates of all three species increased
linearly with developmental stages, hence body sizes. Larger body sizes may make the
copepodites more conspicuous to visual predators such as planktivorous fish, which often prefer
the larger prey (Brooks 1968; O’Brien et al. 1976). Within the HCS, the major planktivores

include sardines and anchovies in the oxygenated layer (Espinoza & Bertrand 2008), which may
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explain the observed positive relationship of predatory mortality rates with the copepodite stage
(i.e. body size), as well as with DO in two of the three species.

Intermittent intrusion of oxygen-poor water associated with coastal upwelling is a common
feature in the region (Marin et al. 1993), which could cause episodic hypoxia and copepod
mortality (Elliott et al. 2010; Yafez et al. 2012; Elliott et al. 2013). In our study, low DO was
associated with high non-predatory mortality rates of P. cf. indicus and A. tonsa, consistent with
earlier reports (Yéiez et al. 2012; Ruz et al. 2015). In contrast, low DO did not have a significant
effect on C. chilensis, reflecting the latter species’ better ability to cope with low oxygen
environment (Hirche et al. 2014; Ruz et al. 2018).

Non-predatory mortality rates of P. cf. indicus and A. tonsa were negatively correlated with
chlorophyll a concentration, implying direct or indirect food limitation effects. Interestingly,
temperature correlated positively with non-predatory mortality rate, but negatively with
predatory mortality rate of C. chilensis. This species is endemic to the coastal upwelling system
(Escribano & Rodriguez 1994, 1995; Escribano 1998; Torres & Escribano 2003). Increasing
water column temperature reflects the weakening of the upwelling condition, which may lead to
a less favorable living condition and thence a higher non-predatory mortality rate. Meanwhile, a
less stratified condition may allow the copepod to migrate deeper diurnally to avoid predation
(Hidalgo et al. 2005), resulting in a lower predatory mortality rate.

Overall, the relative proportions of predatory vs. non-predatory mortality rates remain fairly
consistent across developmental stages within a species. On average, non-predatory mortality
accounts for 34.8 to 46.3 % of the total mortality. This highlights the importance of non-
predatory factors such as environmental stresses in driving copepod population dynamics within

HCS (Escribano et al. 2012; Pino-Pinuer et al. 2014; Medellin-Mora 2016).

5. Conclusions
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We investigated copepod mortality rates within HCS, and examined the relative importance
of predatory and non-predatory mortalities in relation to environmental conditions. In the
Southwest Pacific, climate change is expected to intensify upwelling in HCS (Echevin et al.
2012). In such a scenario, stronger upwelling may promote extreme shoaling of the OMZ, which
compresses the habitat range for zooplankton (Manriquez et al. 2009), and which will likely alter
the extents and patterns of both predatory and non-predatory mortality rates of the copepod
populations. It is therefore pertinent that researchers consider both mortality sources in order to

fully understand copepod population dynamics within this important ecosystem.
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Table 1: Results of Spearman rank order correlations of predatory and non-predatory mortality

rates (d!) with oceanographic variables: temperature (T), salinity (S), dissolved oxygen (DO)

and chlorophyll a (Chl a). * indicates significant correlation at p < 0.05.

Variable Predatory mortality rates Non-predatory mortality rates
T S DO Chl a T S DO Chla
Paracalanus 0.117 0.143 0.236 -0.099 -0.083 0.317 -0.596 -0.374
cf. indicus
0.202 0.120 0.009* 0.291 0.117  0.117  0.000* 0.000*
72 72 72 72 71 71 71 71
Acartia tonsa 0.132 0.074 0.352 -0.226 0.022 0.065 -0.574 -0.175
0.151 0.420 0.006* 0.013* 0.676  0.219  0.000* 0.001*
71 71 71 71 72 72 72 72
Calanus -0.290 -0.102 0.127 0.127 0.532 0.077 0.112 -0.161
chilensis
0.001* 0.269 0.165 0.058 0.002* 0.143  0.702  0.102
69 69 69 69 71 71 71 71




532 Table 2. Average prosome length (um), stage-specific total mortality rate (d ') and its partition between predatory (PM) and non-predatory
533 (NPM) sources (%).

Paracalanus cf. indicus Acartia tonsa Calanus chilensis
Stage Prosome Total % PM % NPM Prosome Total % PM % NPM Prosome Total % PM % NPM
length mortality length mortality length mortality
Cl 350.0 0.15 53.3 46.7 528.0 0.15 60.0 40.0 940.0 0.11 63.6 36.4
Cc2 426.7 0.18 55.6 44.4 596.7 0.17 58.8 41.2 1126.0 0.29 69.0 31.0
C3 592.6 0.24 54.2 45.8 657.9 0.22 54.5 45.5 1278.3 0.32 68.8 31.2
C4 724.7 0.35 54.3 45.7 730.0 0.32 56.3 43.7 1491.7 0.42 66.7 333
C5 844.0 0.55 50.9 49.1 870.4 0.46 522 47.8 1812.0 0.45 57.8 422
avg 53.7 46.3 avg 56.4 43.6 avg 652 34.8
534
535
536
537
538

539
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Figure Captions

Figure 1: Upwelling zone in Mejillones Bay (23°S) where samples were collected.

Figure 2: Oceanographic conditions (average of three station samples): a) Upwelling index
expressed as Ekman transport (m® s km™), b) temperature, c) salinity, d) dissolved oxygen and
e) Phytoplankton biomass, measured as chlorophyll a, in Mejillones Bay (northern Chile) during

2010-2011. The white stripped line represents the change between years of sampling.

Figure 3: Monthly predatory mortality rates (mean + sd) of the three major copepod species in
2010 and 2011 at Mejillones Bay. Months without data points mean the species was absent in the

samples.

Figure 4: Monthly non-predatory mortality rates (mean + sd) of the three major copepod species
in 2010 and 2011 at Mejillones Bay. Months without data points mean the species was absent in

the samples.

Figure 5: Total mortality rate as a function of copepodite stages for the three major copepod

species in Mejillones Bay. Lines are linear regression functions fitted at p < 0.05.



27

562

Mejillones bay

10

20

L

(S.) epnien

60

60

0

|
#
Longitude (°W)

80

563

564

565

Figure 1

566

567



568
£ 1000
" 800 -
o
£ 600 -
3
L 400
=
2 200 a)
§o
s JFMAMJJASONDJFMAMJJASOND
0 - -
AN WA
20
30
40
5OIIIK\\\
JFMAMJJ ASOND JFMAMJ JASOND
£ /&M
_'_E T | l
=% ONDJFMA JJAS
=
T [ Cr T T T T T
JFMAMJJASONDUJFMAMUJJASON
569 Months

570 Figure 2

28

mp (°C)
17.5
16.5
15.5
145
135
125

Salinity

35.35




571

0.8

a) b)

c1 c2 c3 CIv cy T
0.6

| L]
021 T{ T I | F Za i

| P. cf. indicus

C1 c2 C3 T CIV CV[- /’

-0.2
08 JMMJSNJMMIJSNIJMMISNIMMISNIMMISN JMMJSNJMMISNIMMISNIMMISNIMMISN
LE, C) C1 C2 C3 Clv CVr d) C1 Cc2 C3 CIVf C
o 0.6 ?
g |
@© *
> 04 - I 1 i
E— i/ 4
© 1 L
5 021 I 1 ;lJ 2 14l
: o §
5 oof ™YY il $ e
@©
© o] A tonsa - 7k
20
0.8 JMMJSNIJMMISNIMMISNIMMI SN M.MJSN JMMJSNJMMISNIJMMISNIMMISNIMMISN
e) C1 Cc2 Cc3 CIVT f) C1 c2 C3.T CIv cv
0.6 27 1 ]
7
0.4 / - ~
o)
o it f 1 ' '
L
0.0 B - 1 7% °
021 C.chilensis ] Figure 3
JMMJSNIJMMISNIMMISNIMMISNIMMI SN JMMJSNJMMJIJSNIMMISNIMMISNIMMI SN
2010 2011

Time series (years)



589  Figure 4

0.8

0.6 1

0.4

0.2

0.0

o
)

I
®

o
)

I
»

0.0

0.8

a) c1 c2 c3 civ cv b) c1 c2 c3 cv oV 7
T
T T ;.L
ML&M s !
| P. cf. indicus
JMMJSNIJMMISNIJMMISNIMMISNIMMISN JMMJSNJMMJIJSNIMMISNIMMISNIMMISN
C) C1 G2 Cc3 cIv CV -|— d) C1 c2 C3 CIv CV
T
Ti
il
}A&Iﬁ | J—L&I}MM K\
it Lot ¥ .Ji&'lJ;_ j . NS 19 %
A. tonsa

JMMJSNJMMJSNIJMMJISNIMMISNIMMISN

JMMJSNIJMMISNIMMISNIMMISNIMMI SN

Non-predatory mortality rates (d'1)
o
N

0.6

0.4

0.21

0.01

e
) C1 C2 C3

C. chilensis

JMMISNIMMISNIMMISNIMMISNIMMISN

2010

f)

C1 Cc2 C3 Civ Ccv

JMMJSNJMMJIJSNIJMMISNIMMISNIMMISN

2011

Time series (years)



590

501
592

593
594
595

0.6
A P .cf indicus @ Atonsa O C. chilensis A
< 054 Y=0.007x+0.003  Y=0.077x+0.033 Y=0.081x+ 0.075
T 2_ 2_ 2_
p R“=0.8934 R“=0.9077 R“=0.9128 _ a
*@‘ 0.4 1
==
= a O
(—g 0.3 o
S é
£ 0.2 -
© ©
o 4
C 01
0.0 T T T T T
c1 c2 c3 c4 C5
Copepodite stage
Figure 5

31



Yanez et al. MEPS revision

Table S1: Formulations and parameters for estimates stage durations, predatory and non-

predatory mortality rates.

Parameter Symbol Unit Note

Stage duration D Days Stage-specific D; is indicated by
subscript i; i+ for consecutive
stages

Development time a; Days Stage-specific a; is indicated by
subscript i

Temperature T °C Estimated from field conditions

Alpha a °C Solved by nonlineal least square
regression (nls function in R)

Beta b Dimensionless

Molting rates MR d! Stage-specific MR is indicated
by subscript i

Number of individuals in molting N Dimensionless | Consecutive stages are indicated

rate experiment by subscripts i and i+/

Time t h

Abundances A ind.m"* Used for Abundances ratio in
Predatory mortality rates.
Consecutive stages are indicated
by subscripts i and i+/ and
adults (4,)

Predatory mortality rates 0 d! Solved for iteratively

Proportions of individuals T 71 y Tz are proportions live and
dead, respectively in stage i ; w3
y m4 are proportions live and
dead, respectively in stage i+/

Carcasses turnover time T days

Total mortality mt d!

Non-predatory mortality rates m d-!

Calculations of stage durations:
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Stage duration from Bélehradek equation (1935)

Di=ai(T-a) ()

MR method (Runge et al. 1985; Kimmerer & McKinnon 1987)

Ni+Ni+l)><[
2

MR = (i
Ni

ai=1/MR (3)

Calculations from non-predatory mortality

Carcasses turnover time (Elliott et al., 2010)

3,83
T = e(4-.166(1—e—0,008T)+0,04_6D0 1,39) @

Predatory mortality rates (from VLT equations; Elliott and Tang, 2011)

Al _ 1 - Hle(_SiDi) - nze(_Si‘[)
Ai+1 n-le(—SiDi)[l _ 7.[36(—61Di+1) _ ﬂ4e(—8ir)]

)

Al 1= meC8P) _ g o5
E = 7,6 PD[1 — 17, B10)]

(6)

Total mortality rates (from VLT equations; Elliott and Tang, 2011)

SGD) _ 1
Total mortality (mt,d™*) = Ai + 1 (1 (7

— e(azm+1))

Non-predatory mortality rates (Elliott and Tang, 2011; Tang and Elliott, 2014)

Once predatory and total mortality rates had been calculated, non-predatory mortality rate is then
calculated as the difference between total and predatory mortality rate: ®)

m=mt—24
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Table S2: Oceanographic variables in Mejillones Bay during 2010—2011.

Variable 2010 2011
Mean Max. Min. SD Mean Max. Min. SD

Temperature at 10 m (°C) 13.39 1437 12.62 0.72 13.19 14.10 12.63 0.38
Temperature at 50 m (°C) 14.55 15.52 13.09 0.78 14.55 15.52 1331 0.77
Salinity at 10 m 3475 3483 34.62 0.07 3478 3483 34.77 0.02
Salinity at 50 m 3480 34.85 34.75 0.03 34.80 3483 34.75 0.03
Dissolved oxygen at 10 m (mL ~ 2.86 542 122 1.30 098 3.02 0.00 099
L)

Dissolved oxygen at 50 m (mL 047  3.02 0.00 0.98 337 124 542 1.22
L)

Chlorophyll a at 10 m [mg m3]  24.03 102.0 0.60 31.22 4.19 10.08 093 2385
Chlorophyll g at 50 m [mg m3] 2520 116.8 0.02 36.21 1.56 998 0.04 2.74
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Table S3: Results of two-factor General Linear Model (GLM) for stage durations as

functions of months and developmental stages. * indicates significant difference at p <

0.05.

Variable Stage duration
df F P
P. cf. indicus Months 23 2.77 0.000*
Stages 4 1.73 0.000%*
A. tonsa Months 23 1.18 0.000*
Stages 4 2.41 0.000*
C. chilensis Months 23 7.45 0.000*

Stages 4 5.78 0.000*
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Table S4: Results of General Linear Model (GLM) for oceanographic variables at the
coastal upwelling zone of northern Chile during 2010-2011.

Variable F P
Chlorophyll a Seasons 2.77 <0.05
Years 2.74 <0.05
Ekman transport Seasons 4.08 <0.05
Years 0.28 0.626
Salinity Seasons 2.36 0.055
Years 0.24 0.626
Dissolved oxygen Seasons 6.63 <0.05
Years 0.82 0.374
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Table S6: Results of two-factor General Linear Model (GLM) for predatory and non-
predatory mortality rates (d!) as functions of months and developmental stages. * indicates

significant difference at p < 0.05. Stations were treated as replicates.

Variable Predatory mortality rates Non- predatory mortality rates
df F P df F P

P. cf. indicus Months 23 10.35 0.001* 23 2.18 0.140
Stages 4 21.68 0.000* 4 18.56 0.000*

A. tonsa Months 23 43.53 0.000* 23 5.69 0.000*
Stages 4 42.74 0.000* 5 12.97 0.000*

C. chilensis Months 23 11.31 0.001* 23 3.30 0.070
Stages 4 9.82 0.000* 4 4.21 0.002*
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Figure S1. Copepodite stage duration for the three major copepod species as a function of
temperature T (from Belehradek equation) at Mejillones Bay.



