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Abstract

Zooplankton production is a critical issue for understanding marine ecosystem dynamics.strueture

- In this

study, estimates of copepod growth and production (CP) in the coastal upwelling and coastal
transition zones off central-southern Chile (~¥35-37°_S) were obtained frem-annualeyeles-during a
3-year time series (2004, 2005, and 2006) at a fixed shelf station, and from spring-summer surveys

during the same years. To estimate copepod production (CP), we used published and unpublished

C-specific growth rates (g)_of dominant copepod species from previous studies in the same

upwelling zone, and copepod biomasses assessed in our study. A preliminary analysis of compiled

data of copepod growth (g) showed that varied-extensively—amengspecies—and—under—variable

environmental—conditions;—however—g-values were not correlated to either near—surface

temperature or copepod size. Therefore, we used mean g’s of species and their corresponding

biomasses to assess species production and added CP. Copepod biomass (CB) and CP were higher

within the coastal upwelling zone (<50 km) and both decreased substantially from 2004 to 2006.
Integrated aAnnual CP ranged between 24 and 52 g C m™ year with a mean annual P/B ratio of
7.32-7. We estimated that CP could consume up to 60% of the annual primary production (PP) in
the upwelling zone but most of the time wasis around 8%. Interannual changes in CB and CP

values were associated with changes in the copepod community structure. Dominance of large-

sized forms shifted to small-sized species;-the-deminance-oflarge-sized-forms—replaced-by-smal-

sized-speeies from 2004 to 2006. This change was also accompanied by more persistent and-time
extended-upwelling during the same season_of each yearalperied. Extended upwelling may have
caused large losses of CB from the upwelling zone due to an-increased in-offshore advection of

coastal plankton. On a larger scale, these results suggest that climate-related impacts of
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incrementedasing wind-driven upwelling in eesastal—upwelling systems may causegenerate a

negative trend in zooplankton biomass.
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1. INTRODUCTION

Variability in biological production of lower trophic levels is a critical issue for understanding the
dynamics of marine ecosystems of the world ocean (Mann and Lazier, 1991). In this context,
zooplankton is a key component considering their ecological role in capturing, retaining and
transferring freshly produced phytoplankton-carbon toward higher levels (Poulet et al., 1995;
Kimmerer et al., 2007). Despite this wide recognition, there are not many studies targeting
zooplankton secondary production and its time-space variability in the ocean, making difficult to
assess the actual role of zooplankton in controlling or limiting biological production of high trophic
levels, including fish, mammals and seabird populations (Aebischer et al., 1990; Beaugrand et al.,
2003, Castonguay et al., 2008). Zooplankton secondary production is the total biomass produced
by a population or community per unit of area or volume over a unit of time (Kimmerer et al.,
2007), regardless the fate of such biomass (Winberg, 1971). There is, however, not a single and
simple method to estimate zooplankton production and growth rates, but several approaches

have been applied and different results obtained. For instance, daily estimates of production can

vary substantially when comparing mathematical models with enzymatic approaches (Avila et al.,

2012), or significant deviations can occur when applying artificial cohorts methods, as compared

with _metabolic _approaches; (Lin et al.,, 2013); even more, most of the traditionally applied
methods are logistically difficult to apply as to characterize time-space variations in these rates
(Sastri et al., 2013:-Mitra-etal2014).

In the case of copepods, the dominant components of zooplankton biomass in the oceans, there
have been several attempts to develop theoretical and empirical relationships between
zooplankton production and the factors known to affect their growth. For instance, temperature

has been widely reported as a fundamental factor influencing copepod growth (Huntley and
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Ledpez, 1992; Mclaren, 1995; Escribano et al., 2014), while body size should also be considered as
a fundamental driver on the basis that growth, as any other physiological rate, must be modulated
by allometric effects (West et al., 1997). In fact, both variables have motivated the development of
the metabolic theory of ecology (Brown et al., 2004) which proposes that animal growth is
predictable from body size and environmental temperature. Meantime, other studies have
provided evidence that food resources can often limit zooplankton growth (Hirst and Lampitt,
1998; Vargas et al., 201009). Which one of these factors is more important, or upon which

conditions, any of these effects are noticeable and can thus be used as a growth predictors are still

open questions in pelagic ecology.

ity-but-Oene of the critical problems for
the calculation of secondary production is having reliable estimates of in situ growth rates of the
species comprising the bulk of the zooplankton biomass in a given region or area. As mentioned
above, weight or C-specific growth rate (g) has been related to temperature, food conditions, and
body size, but in most cases direct estimates of g show no relation or veryrweak relationships with
these factors (e.g. Lonsdale and Levinton, 1985; Chisholm and Roff, 1990; Hutchings et al., 1995).

These relationships may also depend on the taxonomic group being considered (Hirst and Bunker,

2003).

Zooplankton production has received very little attention in the eastern south Pacific. In this

region, tfhe Humboldt Current System (HCS) is one of the Eastern Boundary Currents (EBC’s)
known by its high biological productivity (Mann and Lazier, 1991), attributed usually to the high
levels of primary production in the coastal zone (>10 g C m™2d™) sustained by wind-driven
upwelling (Daneri et al., 2000; Montero et al., 2007). Copepods and euphausiids dominate the

zooplankton biomass in the HCS off Chile (Escribano et al., 2007; Riquelme-Buguerio et al., 2012),
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however, very few studies on zooplankton production are available. Escribano and McLaren (1999)
estimated secondary production for the dominant copepod Calanus chilensis in the upwelling
region off northern Chile, and Vargas et al. (201009) estimated growth and production of three
copepod species in the upwelling region off central-southern Chile during an annual cycle.
Riquelme-Buguefio et al. (2013) described the population dynamics and biomass production of the
Humboldt Current "Krill", Euphausia mucronata, for the same region. Although euphausiids may
occasionally become very abundant in this region, the bulk of zooplankton biomass in the coastal
upwelling zone is dominated by copepods, and, more specifically, by small-sized (<2 mm)
copepods (Escribano et al., 2007). Hence, the latter may well reflect the dynamics of the whole
zooplankton biomass and production in the southern area of the Humboldt Current (Hugget et al.,
2009). A group of about 10 copepod species comprises >90% of the total numerical abundance
(Escribano et al., 2007; Escribano et al., 2012), including the small calanoid Paracalanus €fCf.
indicus, which exhibits continuous reproduction throughout the year in the regions off northern
and central-southern Chile, apparently with >20 generations a year (Escribano et al., 2014). Also
included is the small calanoid Acartia tonsa, with multiple generations per year (Vargas et al.,
201009). The cyclopoids Oithona similis and O. nana, and the poecilostomadoids Triconia conifera,
T. media, and Corycaeus typicus are also abundant (Hidalgo et al., 2010). Larger-sized (>2 mm)
copepods are mainly represented by Calanus chilensis in the northern region and Calanoides
patagoniensis in the central-southern region (Hidalgo et al., 2010), and; occasionally, by
Rhyncalanus nasutus and Eucalanaus spp, including E. inermis and E. glacialis (Castro et al., 1993;
Hidalgo et al., 2010).

In this work, we first compiled published and unpublished (previous studies) data on assessed

growth rates of the dominant copepod species found in the coastal upwelling zone off eentral-

seuthern-Chile, and assessed their relationships with temperature, under which their growth was




120 measured, and with copepod body size. during-the-spring-summerperiodand-undertime-space

121

122

123 Secondly, we used thesea species-dependent g values and copepod biomass to calculate copepod

124 | biemass-production and its is-time-space variability in the domain of the coastal upwelling and
125 | coastal transition zones, thereby contributing to provide the first estimates of copepod community

126 production in the Humboldt Current, and to understanding the factors causing time-space

127  variability in copepod growth and production in this upwelling region.

128

129 2. METHODS

130

131 2.1. Field studies

132 Copepod abundance estimates were_monthly obtained from a 3-years time series (January 2004
133 | to-2005,and December 2006) at a fixed shelf station (Station 18, ~36.5° S, ~-30 km from the coast)

134 off Concepcidn.; During the spring-summer of the same years, spatial surveys were conducted to

135

136 | (Febled)with-the areastatiens located betweenin the coastal and the coastal transition zones (up

137 | to 180 km from the coast) off central-southern Chile (35°-39° S;-Fig—2). The spatial cruise in 2004

138 was carried out during 14-21 January completing a grid of 29 stations. In 2005 the cruise was

139 performed during 7-15 December with a grid of 17 stations. Finally, the 2006 cruise took place

140 during 10-25 November with a grid of 22 stations. Fig. 1 illustrates position of station 18 and

141 sampling stations for the spatial cruises.

142 At Station 18 and during the spatial surveys, zooplankton sampling was performed usinga +- - - {Con formato: Sangria: Primera linea: }
1.25cm
143 | 1m’ Tucker Trawl net equipped with 200 um mesh size nets and a calibrated flowmeter. Atthe - {Con formato: Superindice ]
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time series, the net was trawled from 80 m deep to surface, providing integrated samples; details

on sampling procedures are described in Escribano et al. (2007). Samples were immediately split

onboard with a Motoda splitter and a fraction (usually %) was frozen at -20° C for zooplankton

biomass, and the rest of the sample was fixed with formalin 10%.Space-variations-incopepod

from-yearto-year{Fig—1and-Table 1) During these spatial surveys, similar procedures as those of

the time series study were applied to obtain hydrographic data and zooplankton samples. For
zooplankton sampling, however, the Tucker Trawl equipment was deployed down to 200 m depth,
or near bottom in shallower stations. CTDO casts and bottle samples were obtained at each

station, together with chlorophyll—a (Chl-a) estimations in at least 7-9 depths in the upper 100 m

layer at each station. Continuous profiles of temperature were used to assess depth of the

thermocline and derive mean temperature of the mixed layer, but thereafter temperature at 10 m

depth was used to relate with CB and CP, as suggested in previous studies (Escribano, 1998),

whereas Chla at 5 m depth was related to CB and CP, because Chla at this depth represents

approximately the phytoplankton maximum at Station 18 (Morales and Anabaldn, 2012).

To assess upwelling conditions during the time series, #a-addition-wind data were obtained from a

meteorological station (shown in Fig. 1) since August 2004; speed and direction were measured
every 5 min. and vector averaged for every hour as to assess wind forcing and estimate an

upwelling index:

T=pcdV]|V| (1)
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where T= wind stress (kg s m?), p= air density assumed as 1.2 kg m™, cd=is an empirical constant=

0.0013, and V is the alongshore component of the wind in ms™.
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2.2. Copepod biomass and growth
Copepod biomass is needed to calculate secondary production. Biomass estimates—for each
species wase obtained from mean weight estimates and length-weight relationships, available

from the literature, for copepodid stages of same species{REFS}. For this purpose, we first

calculated the mean body size of all copepodid stages for each species (Table 12), and then we

applied a length-weight regression to estimate mean weight (as dry weight). Length-weight
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regressions were obtained from literature (Chisholm and Roff, 1990; Hofcroft et al., 2002) and

species biomasses were estimated as:

B; = ¥IL,(wn))0.4 (2)

where B; is the species-i biomass (ug C m®), W; and n; are the mean dry weight (pg) and
abundance (number m?) of the i-species and 0.4 is the conversion factor to pg C from dry weight
(Escribano et al., 2007).

Several studies carried out in the last few years in the upwelling zone off Chile have provided
estimates of in situ growth rates (g) of copepods for different copepodid stages and species (Table
12). MestefTthese studies have applied the molting rate method, by using artificial cohorts
(review in Harris et al., 2000). We made use of this set of estimates to examine the influence of
temperature and copepod size on growth and, from that, we attempted to develop an empirical
equation to predict in situ g's from these variables for each of the dominant species in the

samples.

2.3. Data analyses
Copepod production for each species was estimated from their biomass and g values as to obtain

total production, such that:

CP = YN.(B;g) (3)

where CP = total copepod production (mg C m>d™?), Bi= as defined above and gi= C—specific growth

rate (d!) for each i-species.

10
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CP was calculated for each sampling station during the spatial cruises and each of the monthly
samplings during the time series. CP integrated values in the water column {trapezeidat-method)
were obtained by multiplying by the sampling depth and, in the case of the time series, an

integrated annual value was estimated_by applying the trapezoidal method over the time axis. An

estimate of the annual production/biomass ratio (P/B) was also obtained. For this, annual

integrated CP and monthly mean biomass were used. Oceanographic data were all processed to

construct spatial contours (cruises) and temporal contours (time series) and the ranges of

temporal variation of temperature and Chla were derived for the mixed layer . Similar procedures

were applied to copepod abundance, biomass and production as to identify space-time patterns.

Relationships between g and temperature and body size were tested by linear and non-linear
regression methods, and goodness-of-fit was tested by correlation, the determination index and
ANOVA. Meantime, eventual associations among copepod variables and oceanographic factors
were assessed by General Linear Models (GLM) and Stepwise Multiple Regression_(1-step) applied

on log-transformed data on copepod abundance, biomass and CP. GLM can test linear effects of

multiple continuous variables (e.g. environmental) on single dependent responses, such as CB or

CP. Influences of single or multiple variables are then tested with F-statistics. Meantime, Stepwise

Multiple Regression can selectively remove non-significant variables and find the best fitted model

to account for variation of the response variable (CB and CP in this case).

3. RESULTS

3.1. Oceanographic conditions
The three spatial surveys were carried out during the period of coastal wind-driven upwelling, as

evidenced by the surface distributions of temperature and salinity (Fig. 2). During the 2004 cruise,

11
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recently upwelled waters (<13°_C and salinity >34-psu) were found in the northern and central
areas in the coastal band; the offshore extension of these waters in the central area indicateds
that there may have been one or more (sub) mesoscale eddies located in that area. Coastal
upwelling activity was also observed during the 2005 cruise but colder waters (<12°_C) with higher
salinities were restricted to the nearshore, except for lower salinity water (~33) off and within the
Arauco Gulf (~37°_S). In the 2006 cruise, upwelling was concentrated in the northern area and
restricted to a narrow coastal band (<40 km from shore) so that, in general, waters were less
saline compared to 2004 and 2005. Upwelling conditions during the surveys were also evident
from the surface distributions of dissolved oxygen (DO) and Chl-a concentration (Fig. 3).
Remarkable differences in DO distribution among the cruises were found. In 2004, DO was within
saturated levels (>5 mL L™) over most of the region, except in the central area which showed lower
oxygenation (<4 mL L) in a zonal band where higher salinities were detected, and an
oversaturated zone (>6 mL L) in the northern part, coinciding also with higher salinities (Fig. 2),
together with high Chl-a levels (>826 mg m™). During the 2005 cruise, oxygenation levels were
lower (<5 mL L") in the entire region and more so in the coastal zone where higher salinities were
observed, except in area around the Arauco Gulf. Chl-a distribution was similar to that in 2004,
with high levels in the nearshore area in the northern and central areas. In 2006, highly
oxygenated conditions (>65 mL L) prevailed in most of study region, except in the coastal band.

High levels of DO coincided with greater Chl-a concentrations in the entire region compared to

2004 and 2005 (Fig. 3, lower panel).

12



262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

At Station 18, the three annual cycles based on monthly sampling clearly revealed a seasonal

pattern, characterized by an upwelling period (September-March) and a non-upwelling period

(May-August) (Fig. 54)._ Mean temperature a 10 m depth was 12.6 °C for the entire time series

ranging between 10.6-14.5 °C. During the upwelling period, the ascent of cold waters (<12° C)

reacheds a shallow depth (below 20 m), together with surface warming in the upper layer during
the summer, whereas warmer waters (>13° C) prevailed below 30 m depth upon the non-
upwelling period in winter (Fig. 5A4A). Upwelling also brings to the surface layer high salinity
water (>34-pst) whereas a layer of freshwaters appears in winter such that higher stratification is
generated due to increased river runoff (Fig. 45B). During active upwelling-cenditions, oxygen-
deficient conditions dominated in shallow subsurface waters (<20 m depth) due to the
shallowness of the oxygen minimum zone (OMZ) in the region. By contrast, the water column
becaemes oxygenated down to near bottom during non-upwelling (Fig. 5€4C). The annual bloom
of phytoplankton starteds in early spring (September-October), coinciding with the setup of
upwelling, and Chl-a remaineds high until the end of summer in most cases. Mean Chla in the

mixed layer (5 m depth) during the time series was 3.0 mg m”> with a range of 0.01-46.3 mgm™.
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285 Seasonality of upwelling conditions was also clearly reflected in the upwelling index, estimated as

286 wind stress (T). This index was ranged between -54 and 34 (kg s'lfn'z) and negative values //{Conformato: Superindice

o ‘[Con formato: Superindice

287 dominated during the autumn-winter, whereas in the spring-summer most of the daily integrated

288 values of T resulted positive, indicating favorable winds for upwelling.

289

290 3.2. Copepod growth rates

291  Several studies in the last few years have estimated g for dominant copepod species from the
292 Chilean upwelling zone; most of them are based on laboratory studies simutating-under a variety

293 of temperature and food conditions representing those in the field from where animals were

294 captured and, therefore, their results can be considered asrepresent reliable estimates of copepod

295 | growth in natureg. A summary of estimates of g for different developmental stages and species,
296 including body size of tested individuals, is provided in Table 12. Because of potential allometric
297  effects on growth rate, we attempted to develop a size-dependent model to predict g as a

298 | function of body size (Fig. 56A). Although an apparent decrease in g with size is observed, no

299 significant correlation between these two variables was found (P >0.05) after testing with different
300 lineal (GLM) and non-linear models.
301  Since temperature has been established as an important factor affecting growth rate of copepods

302 (Huntley and Ldepez, 1992;; Gillooly et al., 2001), it has been suggestedwas—theught that this

303 variable could be a suitable predictor of g under variable environmental conditions_(e.g. Huntley

304 and Ldpez, 1992; Lin et al., 2013). For all the available g estimates, we tested the influence of in

305 situ-simulated-temperature_under which g was estimated; alse; no significant effects were found

306 | (P>0.05) after lineal (GLM) and non-lineal models (Fig. 685B). A combined model using both body
307 size and temperature, as that described by Lin et al. (2013), did not result in a significant

308 | associationdifferences either. On this basis, mean values of g for some of the dominant species

14
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were thus calculated and used to estimate their specific production rates (Fig. #6)._In_these

analyses we did not include some species, such as Qithona spp., Oncaea spp., Corycaeus spp.,

species—in—which—hro—estimates—ofg—were—available, a grand mean of copepod growth_rate,

calculated from all available data (Table 1), rate-was applied (mean + SD: 0.27 + 0.133 d™) for later

estimates of CP.

3.3. Copepod biomass and production
Copepod abundance (N), biomass (CB) and production (CP) were estimated as annual means for

both-the-spatial-surveys-and-the time series and mean values during the spatial surveys (Table 23).

In both cases, strong variability in N, CB and CP was observed (coefficient of variation:25-50%).
Spatial variability of N relates to a greater aggregation of copepods in the upwelling zone and
decreasing values towards the offshore (Fig. 78). The highest values of CB and CP were also
concentrated in the upwelling zone although there was a strong variation from year to year, with
lower values in 2004 (Fig. 98).

Copepod species in three size categories, in according to their total length: small (<1. 5_mm),
medium (1.5_- 2.5 mm) and large (>2.5 mm), varied substantially from year to year (Table 34).
Small-sized species increased in abundance from 2004 to 2006, whereas large-size species tended

to slightly decreased in 2006 compared to 2005, although they were scarce in 2004the-same-years.

The distribution of these 3 size categories also varied from one year to another (Fig. 948). Medium
size species were absent in 2004 and large-sized species were more abundant in the upwelling
zone, while small-sized species became more abundant in 2005 and even more so in 2006 and

concentrated in the upwelling zone.
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From the time series at Station 18, no seasonal pattern or trend in copepod abundance was
detected (Fig. 102A), as was the case for CB and CP (Fig. 101B); in both cases, lower values were
detected during 2006. Integrated annual CP at station 18 was 52.2 g C m>y™, 32.8 g C my™ and
24.0 g C m™2y’! for 2004, 2005 and 2006, respectively. From-annualmeans-of-monthly-integrated
biomasses—the-Aannual P:B ratios obtained were 7.12-5, 7.42.8 and 7.52.9- for 2004, 2005 and
2006, respectively. The daily P:B ratio was, on average, 0.24. The variance of CB for each year,
estimated from the coefficient of variation, was 16%, 27% and 24% for 2004, 2005 and 2006,

respectively.

3.4. Environmental effects on biomass and production

Using the data from the spatial surveys, a stepwise multiple regression was applied to test the
effect of year of sampling and oceanographic conditions on N, CB and CP. Copepod data were
previously log-transformed and a 1-step function was applied. Significant differences among years
in N and CP were found. Chla correlated positively with N, whereas Chla, DO and OMZ depth
correlated with CP (Table 45).

For the time series data, we used cross-correlations between copepod variables and
oceanographic conditions (including temperature, Chl-a, DO, and OMZ depth) to test for eventual
associations. Although all the oceanographic factors showed a seasonal pattern, characterized by
upwelling and downwelling periods (Fig. 54), copepod abundance, biomass and production did not
but their monthly fluctuations are rather random (Fig. 104). Therefore, it was not surprising that
no significant correlations (P>0.05) between N, CB and CP and derived oceanographic variables

were found.
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4. DISCUSSION

The oceanographic conditions observed during this study are those expected from previous
studies in the upwelling zone (Strub et al., 1998; Hidalgo et al., 2012; Morales and Anabalén, 2012)
and the coastal transition zone (Letelier et al., 2009). The spatial surveys, conducted during spring-
summer conditions, show that upwelling conditions prevailed in a coastal band along the study are
of about 50 km width, coinciding with the isobath of 200 m (shown in Fig. 1). These conditions are
characterized by colder, more saline and less oxygenated water. This coastal band constitutes the
main habitat of a few dominant copepods species (Hidalgo et al., 2010), and as evidenced by their

aggregation over the shelf (Fig. 87). Dominant Paracalanus Cf. indicus and Acartia tonsa tend to

patagoniensis and Rhyncalanus nasutus exhibit greater concentration offshore (Hidalgo et al.,
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2010). However, at times during intense upwelling the whole community can be advected offshore

into mesoscale eddies (Morales et al., 2010). Therefore same species are,-hewever; present in the

coastal transition zone although in lower abundances.—prebablyas—a—resultef-their Ooffshore

transport by mesoscale eddies (Morales et al., 2010), which are originated in the upwelling zone,

canand move plankton mostly in a westward direction (Hormazabal et al., 2013). Our findings

however indicate that mMost of the copepod production (CP) takes place in the coastal upwelling
zone, where food resources (as represented by Chl-a) are also concentrated. Although, at times

during the year Chla becomes low (<1 mg m>), even within the upwelling zone. In this respect,

Chla itself should not considered as a suitable indicator for food resources for omnivorous

copepods in this system, which are capable of efficiently use a heterotrophic diet when Chla is low

(Vargas et al., 2006).
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If most CP occurs in the upwelling zone, Station 18 is therefore a suitable location to assess its
temporal variability. Oceanographic variability there also clearly shows the upwelling signal
(Sobarzo et al., 2007a; Montero et al., 2007; Morales and Anabalén, 2012). At this location, the
copepod community has been well studied (Escribano et al., 2007;; Hidalgo and Escribano, 2007),
and even though some seasonal signals in abundance and age-structure of some species have
been described (Castro et al., 1993;; Hidalgo and Escribano, 2007), most populations can grow and
reproduce throughout the year (Vargas et al., 201009;; Escribano et al., 2014). ;-suggesting-that CP

-It has been suggested that food conditions (quantity and quality) may be an important factor

determining copepod growth and production (Huntley and Boyd, 1984; Hirst and Lampitt, 1998;

Lin et al., 2013). However, evidence from field studies has shown weak correlations between

growth rate of copepods and food conditions. In this regard, Hutchings et al. (1995) found no

correlation between copepod growth rate and Chl-a in the Benguelas upwelling system, while

Peterson et al. (1991) suggested little effects of food availability on copepod production during

summer in Skagerrak (north sea). In our study, we found a significant correlation between

copepod abundance and Chl-a during the spatial surveys. This positive correlation was also found

between CP and Chl-a. It should be noted, however, that a significant correlation of copepod

abundance and CP with Chl-a does not necessarily means that copepod growth€B is being

controlled by phytoplankton biomass. Copepod abundance and production€P also correlateds

significantly with low oxygen and a shallow OMZ which, the same as for higher Chl-a levels,
coincide in the zone were greater CP occurs. Thus, tFhe question on whether CP can be controlled
or limited by phytoplankton biomass cannot be answered from the spatial survey just because of
spatial correlation. On the other hand, no correlation between Chl-a and CP was found in the time

series data, and copepod abundance, CB and CP appeared uncoupled to the seasonal pattern of

18



403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

Chl-a. Food conditions, in terms of quality, could also be considered as affecting copepod growth

(Peterson et al., 1991). During the same spatial surveys, Morales and Anabaldn (2012) showed that

both nanoplankton and microplankton fractions as potential food resources for copepods were

abundant, diverse and widely distributed over the upwelling zone, so that food limitation for

copepodid growth seemed unlikely, at least over the upwelling zone. In the context of food effects

on CP, in this upwelling system dominant small-sized copepod can prey on both autotrophic and

heterotrophic components of the nano- and microplankton, being able to even shift their diet

depending on the available food offer during the year cycle (Vargas et al., 2006). In the upwelling

zone, the nanoplankton fraction remains high and diverse throughout seasons (Bottjer and

Morales, 2007: Anabaldn et al., 2007). It has therefore been suggested that copepods in this

region can grow without food limitation year round (Escribano et al., 2014).

In our approach to estimate copepod production, the use of species-dependent growth rates may
be justified on the basis that g is a physiological rate controlled by two processes, development
rate (DR) and tissue accumulation. In fact, estimating DR is the most widely used approach to
assess growth rate of copepods. DR has been widely studied in copepods (McLaren and Leonard,
1995; Heinle, 1969) and it is considered a species-dependent attribute (Heinle, 1969; Atkinson,
1994). Nevertheless, within species g may strongly vary (Runge and Roff, 2000) and the use of a
constant g is certainly much more difficult to justify. In field and laboratory studies, g of copepods
has been found to vary as a function of temperature (Huntley and Ldéepezs, 1992; Hirst and
Bunker, 2003)}, food conditions (Checkley et al., 1980; Finlay and Roff, 2006) and body size (Hirst
and Sheader, 1997), although size effects may not be reflected at the intra-specific level but
among species (Banse, 1982; Peters, 1983). Temperature on the other hand may strongly affect g
by accelerating or retarding the development of copepods (MclLaren, 1995). It is therefore

expected that g would correlate positively with temperature. From our oceanographic surveys,
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however, temperature seems to vary in a rather narrow range (~ 3345—23.5° C) in the mixing
layer of the upwelling zone, where dominant copepods aggregate and whose diel vertical
distribution is restricted by a shallow (<50 m) OMZ during the upwelling period (Escribano et al.,
2009). Thus, because of its little variation within the upwelling zone of central/southern Chile,

temperature may not be the key factor controlling g._Variation in temperature could also affect

copepod size through its effect on development rate (Escribano et al., 2014), and thus affecting

our biomass estimates. However, because of weak seasonal signal of temperature copepodid sizes

do not follow a seasonal pattern in this region (Hidalgo and Escribano, 2007), and hence this

potential effect remains uncertain.

It is important to consider that copepod production represents only a fraction of total secondary
production for the upwelling zone. Our estimate of CP does not consider molt and egg production

of copepods either, but only somatic biomass production._Also, estimates of CB and CP are mostly

based on late copepodid stages, since early stages (nauplii, C1-C3) were not assessed since they

are difficult to identify and some of them could be undersampled by the 200 um net. The

assessment of all stages for a given species is a complex task, and previous studies have shown a

numerical dominance of late stages through the year cycle, due to rapid development of young

stages and their greater mortalities (Hidalgo and Escribano, 2007; Escribano et al., 2014). Thus,

biomass and production of young stages have not been accounted in our estimates, although

because of their small biomasses and possibly less abundance this missing fraction may not be

substantial.

Our estimates of copepod growth rates and production are comparable to values reported from

other systems. Hutchings et al. (1995) found a CP in the range of 17 - 150 g C my* for the similar

upwelling system of Benguelas, whereas Mackinnon and Duggan (2003) estimated a CP of 3.4 g C

m™y™* for subtropical water in north west Australia. Regarding the growth rate (g), Peterson et al.
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(1991) found a g of 0.1 d* for adults and about 0.27 d* for juveniles copepods, which is exactly the

same mean value we found for the whole copepod community and Lin et al. (2013) reported a g in

the wide range of 0.01 - 0.79 d* for medium size copepods from the east China sea.

With respect to the bulk of zooplankton, in the time series at Station 18 total zooplankton biomass
(TZB) was available for the same period, as published in Escribano et al. (2007). TZB shows more
variability than copepod biomass (CB) (Fig. 112A) and, on occasions, CB may account up to 96% of
TZB although on average our estimate of CB represents nearly 40% of TZB. Meantime, monthly
means of primary production (g C m?d™) in the same upwelling zone (Daneri et al., 2000) indicates
that copepod production could take up to 60% of the C being produced by phytoplankton (winter
2004) although the mean conversion of PP into CP was about 8% (Fig. 112B). This figure is in
according with global mean estimates of the effect of mesozooplankton on PP (as the percent PP
consumed per day: mode 6%, mean 23%) and decreases exponentially with increasing productivity
(Calbet, 2001).

Recently, Escribano et al. (2012) and Pino-Pinuer et al. (2014) have described a negative trend in
copepod biomass and abundance from the beginning of the time series at Station 18 (2002) to
more recent years (2010 _- 2012). Both works related this decrease in copepods with a gradual
increment in upwelling intensity in the coastal zone off Chile upon increased southerly winds in
the last decade (Garreaud and Falvey, 2009). In this study, CB and CP significantly decreased from
2004 to 2006 at Station 18, although this trend was unclear in the spatial surveys. Copepods are
strongly subjected to offshore advection during upwelling (Peterson, 1998;; Keister et al., 2009;
Morales et al., 2010). When examining the spatial patterns of oceanographic conditions, it appears
that in 2005 and 2006 the upwelling focuses were concentrated near the location of Station 18,
judging by low oxygen water in that area (Fig. 3), as compared to 2004 when the upwelling focus

was located farther from the nearshore. It is therefore likely that copepods populations were
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more subjected to offshore advection in 2005 and 2006. Most advective forces take place in the

mixed layer (upper 50 m) and even though we obtained depth-integrated samples (0-200 m) most

copepods, as indicated above, aggregate in this layer and thus being advected offshore.

Another possibility for lower biomass and production in 2005 and 2006 at Station 18 could be
explained in terms of food-limitation for copepod growth, as suggested for other systems (e.g.
Hirst and Lampitt, 1998). Nevertheless, we found no significant differences in phytoplankton
biomass (as food indicator) among the three years. Also, primary production (PP) estimated

monthly at Station 18 during the same period, showed that the annual cycle of PP almost repeated

every year (Montero et al., 2007). Furthermoreoff Central/southern-Chilecopepeds—can-sustain

Since copepods mostly concentrate in the Ekman layer (<50 m) during upwelling, as constrained by

a shallow OMZ (e.g. Escribano et al., 2009), more offshore advection, upon increased upwelling,

can cause biomass loss from the coastal zone. In fact, from our analysis of wind data we
foundshewed that favorable conditions for upwelling were more persistent (lasted longer) during
the second part of the time series and hence promoting more export of CB to offshore areas. The

upwelling index revealed that from year to year the number of days favorable for upwelling (-daily

integrated T >0) varied substantially during the upwelling season (September to March). The

number of days having positive values of T was greater in 2006 than in 2005 and 2004 (Fig. 12A) .

Active upwelling also promotes formation of mesoscale intra-thermocline eddies (Hormazabal et

al., 2013) which can also enhance plankton export from the upwelling zone.
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The effect of these physical processes would thus be reflected in lower CP at Station 18. In
according to Keister et al. (2009), offshore advection from the upwelling zone constitutes an
efficient mechanisms to transport carbon€ to oceanic regions. From the viewpoint of biological
production of the upwelling system, however, this should be considered as a C loss. Over an
annual basis, we estimated how much of the C produced by phytoplankton is converted into CP
and CB, and the annual deficit in CP that biomass loss can cause due to more advection driven by
increased upwelling. The impact of greatly incremented upwelling is shown in Fig. 12B3, which
illustrate how combined factors and processes, such as upwelling conditions, CP, CB and primary
production may have interacted during the time series as to cause a reduction in copepod

production in the upwelling zone. This schema illustrates observed copepod production (CP) and

biomass (CB) on an annual basis, as well as an estimate of expected CP (CPe) assuming a 8% of

conversion efficiency of PP into CP. CPe remains constant because PP was assumed as constant

also over an annual basis. Then the potential biomass loss due to incremented offshore advection

in 2005 and 2006 is illustrated (Fig. 12B). -It is important to stress that upwelling intensity may not

significantly change from one year to another in average, but the length and continuity of the

upwelling season can be the key process causing more biomass loss on an annual basis.
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C-specific growth rates and size ranges for different developmental stages of copepods from the coastal upwelling zone off Chile. Estimated
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Specie Stages Size Range g +sSDd Temp. Reference
(mm) dh )
A. tonsa C1, C3, C5 (Nor) 0.53-0.87 0.22 +0.035 12 Hidalgo P. (Unpublished data)
C1 to C5 (Nor) ND 0.20 £ 0.06 12 Hidalgo P. (Unpublished data)
C1 to C5 (Sou) ND 0.25 +0.05 12 Hidalgo P. (Unpublished data)
C1, C2, C4 (Sou) 0.53-0.73 0.093 + 0.042 12 Vargas et al. (2010)
C3 (Sou) 0.658 0.21+0.01 13 Vargas et al. (2010)
C. patagoniensis C1 to C5 (Sou) 0.85-2.15 0.29 + 0.056 12 Hidalgo P. (Unpublished data)
C. chilensis C1 to C5 (Nor) 0.61-1.96 0.27 £0.11 16.5 Escribano & MclLaren (1999)
C1 to C5 (Nor) 2.33 0.114 15 Escribano et al. (1998)
C1 to C5 (Nor) ND 0.21 + 0.05 12 Hidalgo P. (Unpublished data)
C1 to AD (Nor) 2.55 0.28 14.6  Ulloa et al. (2001)
C1 to AD (Nor) 2.35 0.35 18.5 Ulloa et al. (2001)
E. inermis C1 to AD (Nor) 4.77 0.193 16 Hidalgo et al. (2005)
P. Cf indicus C1 to C5 (Nor) ND 0.24 +0.07 12 Hidalgo P. (Unpublished data)
C1 to C5 (Sou) ND 0.27 £+ 0.04 12 Hidalgo P. (Unpublished data)
C2 (Sou) 0.427 0.13 14 Vargas et al. (2010)
C2 (Sou) 0.427 0.25 +0.064 13 Vargas et al. (2010)
C3 (Sou) 0.593 0.29 £ 0.072 13 Vargas et al. (2010)
C3 (Sou) 0.593 0.35+0.03 14 Vargas et al. (2010)
C4 (Sou) 0.725 0.053 + 0.006 12 Vargas et al. (2010)
C1 to C5 (Nor) 0.35-0.84 0.23+0.11 12 Yafiez et al. (2012)
C1 to C5 (Sou) 0.35-0.84 0.3+0.15 12 Yafiez et al. (2012)
R. nasutus Clto AD 1.45-5.88 ND ND Hidalgo P. (Unpublished data)
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Table 23
Estimated copepod abundance (N), copepod biomass (CB) and copepod production (CB) from the coastal upwelling zone of Central/southern Chile, based on
spatial cruises {F?} and a time series study at Station 18. Mean + SD are shown. n represent the number of stations for each spatialFH cruise and the number of

sampleds months for each year, respectively.

20052194262 77341412 1934351 17 1994306 2814451 65499 10
2006 364+778 51541138 1304283 22 2154178 2794276 67465 12

Spatial Cruises

Year N (Ind m™) CB (mg Cm™) CP (mgCm>d?) n

2004 49.5 +75.97 449 + 65.27 11.5+16.75 22

2005 219.0 + 261.50 772.6 £ 1412.08 192.8 £ 351.18 17

2006 364.0 £ 778.29 515.0+1137.78 130.4 + 287.79 22
Time Series
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Year

N (Ind m™)

CB (mg Cm™)

CP (mgCm?d?Y) n

2004

435.1 + 336.90

711.0+577.45

2005

199.3 + 306.08

281.1 +450.60

2006

2153 +177.73

279.2 + 276.39

164.1+127.99 9
65.2 +99.36 10
67.2 + 64.56 12

N: abundance, CB: Copepod biomass, C P: Copepod production, n: sample size
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Table 34

Copepod species classified by size ranges as found during the spatial cruises in the coastal

upwelling zone of Central/southern Chile. Species abundance is shown as mean + SD for each year.

Size Specie Abundance (n m?)
2004 2005 2006
Small Acartia tonsa - 72.2 £5.90 60.0 +190.07
[<1.5 mm] Corycaeus spp - 19.0+33.36  5.3+8.85
Oithona similis 34.6 £49.62 23.8+53.26 48.1+£60.20
Oncaea spp. - 8.6+7.93 58.5+190.62
Paracalanus CF. indicus 33.5+37.0 65.2 +60.99 180 +440.31
Medium Centropages brachiatus - 4.2+497 3.0+3.20
[1.5-2.5 mm] Pleuromamma gracilis - 8.0+9.61 16.8 +27.49
Large Calanoides patagoniensis - 62.2 £+ ND 62.3+71.23
[>2.5 mm] Calanus chilensis 1.1+2.41 90.2+191.2 29.9+76.04
Eucalanus spp. - 1.2+1.29 -
Metridia spp. - - 5.5+13.54
Rhyncalanus nasutus 2.6+4.22 15.2+32.56  5.9+10.10
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Table 45

Results from a generalized linear model (GLM) to test the influence of oceanographic variability on

copepod abundance (N) and copepod production (CP), estimated from spatial cruises carried out
during upwelling conditions in the coastal upwelling zone off Central/southern Chile. Only
significant (P<0.05) or nearly significant (0.05<_P_<0.10) are shown. *=Significant (P<0.05),

**=Highly significant (P<0.01).

N 3.077 0-003
1772 0-082
C P 2 84!: n.nm:
2797 0007
1816 0075
2.182 0-033
Dependent Source t-value p-véfu;s 777777777777777777777777777777
variable variation
N Year 3.077 0.003**
Chl-a 1.772 0.082
CP Year 2.845 0.006**
Chl-a 2.797 0.007**
DO -1.816 0.075
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Figure Captions

Figure 1: The coastal upwelling zone off Central/southern Chile in the eastern South Pacific showing the
sampling stations for three oceanographic cruises carried out in 2004, 2005 and 2006 under upwelling
conditions (spring-summer). The map also illustrate location of Station 18 were the monthly time series
study was conducted during the same 3 years. Wind data to assess upwelling condition were obtained at the
coastal Meteo Station.

Figure 2: Spatial distribution of nearly surface (5 m depth) temperature and salinity during the spring-
summer cruises in 3 different years, illustrating upwelling conditions over the upwelling zone and the
offshore area. The map shows the isotherms (°C) for temperature distribution and the color scale for
salinity.

Figure 3: Spatial distribution of nearly surface (5 m depth) dissolved oxygen (DO) and Chlorophyll-a
concentration (Chla) during the spring-summer cruises in 3 different years, illustrating upwelling conditions
over the upwelling zone and the offshore area. The map shows the isolines (mg m’®) for Chla distribution

and the color scale for DO.

Figure 45: Time series of temperature (A), salinity (B), dissolved oxygen (C) and chlorophyll-a (D) at Station

18 of Central/southern Chile as observed from monthly data. Contours were constructed from CTD-O casts

at 1 m resolution and Chl-a was measured at 9 depths from surface to 80 m. The salinity=34 isoline in B is

noted to illustrate upwelling pulses. The red broken line in the DO contour illustrate the depth distribution

of the upper limit of the oxygen minimum zone assumed as depth of 1 mL O, L

Figure 56: Variability of growth rate (g) of copepods from the upwelling zone off Chile as a function of mean
copepod size and temperature. g was estimated by the molting rate method under in situ temperature and
copepod size represents the mean body size of all copepodid stageaduttfemales for each species. No
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significant relationship was found in either case (A or B). Data are from published and unpublished works

summarized in Table 1.

Figure 6%: Variability of C-specific growth of copepod species from the coastal upwelling zone off Chile
estimated by the molting rate method. Mean values and standard deviation (vertical line) are shown. Data

are from two upwelling regions, Northern and Central/south of Chile, as described in Table 1-

Figure 78: Spatial distribution of dominant copepods during the spring-summer cruises in 3 different years
over the upwelling zone and the offshore area off Central/southern Chile. Total copepod abundance (N) was
obtained from depth integrated zooplankton samples (0-200 m).

Figure 89: Spatial distribution of copepod biomass (CB) and copepod production (CP) during the spring-
summer cruises in 3 different years over the upwelling zone and the offshore area off Central/southern
Chile. Open circles in 4 categories efsize-show CB distribution, whereas isolines and the color scale show the
distribution of CP.

Figure 920: Spatial distribution of copepods of 3 size categories: small (<1.5 mm), medium (1.5-2.5 mm)
and large (>2.5 mm) during the spring-summer cruises in 3 different years over the upwelling zone and the
offshore area off Central/southern Chile. Copepod abundance (N) was obtained from depth integrated
zooplankton samples (0_-.200 m).

Figure 10%: Copepod abundance (A) and copepod production-{EP} and biomass (B) during the time series

study at Station 18 from monthly zooplankton sampling (0-80 m). Copepod production (CP) (line-scatter)

and biomass (vertical bars) were estimated from mean size and mean C-content of copepodid stages of
dominante adult-species, and their associated growth rates.

Figure 112: A) Time series of copepod biomass (CB) as related to total zooplankton biomass (TZB) at Station
18 off Central/southern Chile from monthly data. TZB is from Escribano et al. (2007). B) Time series of
copepod production (CP) in relation to variability in primary production (From Daneri et al. 2000). Data are
from monthly estimates of CP and PP.

Figure 123: A) Time series of wind stress at a coastal station near Station 18 off Concepcidn illustrating

upwelling variability for near 3 years. Daily integrated wind stress is shown, including monthly means and

the number of days favorable for upwelling (wind stress>0) for each annual upwelling period (September to
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March) indicated by the shaded areas. B) Conceptual model to illustrate the interaction among factors and

processes determining the variability of copepod biomass and copepod production in relation to upwelling
conditions in the coastal upwelling zone of Central/southern Chile during a 3 year time series study.
CP=copepod production, CB=copepod biomass, PP=primary production, CPe= expected copepod production
assuming a daily P/B ratio=0.25. Biomass loss {shaded-area)-represents the CB being exported from the

upwelling zone upon amore extended periods of upwelling in 2005 and 2006 as shown in B)duringthe

second-part-ofthe-timeseries. This biomass loss due to increased offshore advection explains the reduction

in CP as compared to CPe.
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