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Abstract

Estimates of copepod secondary production are eitgmportance to infer the global organic
matter fluxes in aquatic ecosystems and speciasfgpeesponses of zooplankton to hydrologic
variability. However, there is still no routine rhetl to determine copepods secondary production
in order to eliminate time consuming experimentahlgses. Therefore, we determined whether
there is a correlation between Egg Production R@E®R) and RNA:DNA ratios ofcartia, by
measuring their seasonal and spatial variabilitg #me influence of environmental factors for
Acartia sp. collected in the the Guadiana river estuaBR BfA. tonsawas positively related with
chlorophylla concentration, freshwater inflow and biomass oioflagellates, whiléA. clausiwas
only related to dinoflagellates. Dinoflagellate®emeto be the optimal food item influencing the
reproduction of bottAcartia species in the studied area. The biochemical irRiEA:DNA was
positively related to EPR, indicating that it ig@od proxy of copepod production and a promising

method to use in the future to estimate secondamyyation.

Keywords Guadiana river estuary, zooplanktokcartia clausj Acartia tonsa hatching success,

secondary production
1. Introduction

Planktonic copepods are usually considered releliaritivores (Nybakken, 2001) playing a key

role in the biogeochemical cycles of carbon andeotblements in estuarine and nearshore
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ecosystems (Herndndez-Ledn and lkeda, 2005; Buitenét al., 2006). Copepods and their
developing progeny form the main food supply fanitivorous predators, such as pelagic fish and
medusa (Purcell, 1997; Garrido and van der Ling#i4). Estimates of copepod secondary
production are of great importance to infer thebgloorganic matter fluxes in aquatic ecosystems,
and species-specific responses of zooplankton tdrolggic variability. Furthermore, these

estimates integrate recent feeding history andiplogical adaptations to environmental variability
(Hay, 1995, Calliari et al., 2006; Peck et al., 201which is particularly useful in dynamic

estuarine systems suffering important anthropogempacts.

The Guadiana river basin has been highly modifiedr dhe last decades with numerous dams
constructed that have significantly reduced therriireshwater flow to the estuary. In February
2002, the Algueva dam, the largest and most redamt built in the Guadiana basin (Chicharo et
al., 2006a), was completed. The present stud\eisittst to analyze the secondary production of this
estuary after the Alqueva dam construction evestirAmost temperate estuariédgiartia is the
most represented genus in the Guadiana estuargh@hbiet al., 2006b). It is considered one of the
most abundant mesozooplanktonic genus, as weleasnbst widespread (Day et al., 1989); its
distribution ranges from nearly fresh to hypersahmaters, from 0 to 40 °C temperature, clear to
turbid, shallow to deep, and polar to tropical agte and coastal ecosystems (Sautour and Castel,
1995). Typically, the most common species occurimgemperate estuaries and adjacent coastal
areas areAcartia tonsaand Acartia clausj and due to their characteristics and life history
adaptation®\. tonsais more commonly found inside the estuaries wAilelausiis more abundant
outside (Chinnery and Williams, 2004; Azeiteiroakt 2005; Calliari et al., 2006). The adults of
these species do not build up large energy resamnvesnvest most of the energy into reproduction
(Kigrboe et al., 1985), thus reflecting the environrabobnditions presemn situ. Few studies have
examined the effects of freshwater flow and satimibh the EPR of calanoid copepods, which is
surprising given the high abundance of these spemi¢hin estuarine areas (Paffenhofer and
Stearns, 1988; Calliari et al, 2006; Peck et &1,4.

Although EPR is still one of the most commonly useethods for inferring copepods production
sity, in recent decades there has been an effort garels to develop biochemical methods to
estimate growth and production, with the aim toneliate time-consuming experimental analyses
and possible artifacts. The RNA:DNA ratio analysisbased on the fact that DNA content per
somatic cell is assumed to be constant in matunéisadherefore this index translates the protein
synthetic capacity, once that RNA is needed for phetein synthesis reflecting the growth
condition (Bulow, 1987). This techniqgue measures tthtal amount of nucleic acids of the entire
organism or it can be applied to specific tissuethe organism (Olivar et al., 2009). Nucleic acid
2



derived indices of growth and condition have beseduin recent decades in several marine
organisms such as fish, bivalves, cephalopods amstaceans (e.g. Gorokhova and Kyle, 2002;
Sykes et al., 2004; Chicharo and Chicharo, 2008arahet al., 2009). More specifically, it has
been developed to assess copepod physiologicaltioorsd(Chicharo and Chicharo, 2008), as an
indicator of nutritional condition (Wagner et al998; Vehmaa et al., 2012), growth (Elser et al.,
2000; Wagner et al., 2001), dormant condition (Kok&a al., 2013) and egg viability (Hogfors et
al., 2011). Previous studies on individual copepsualsh adParacalanussp. (Nakata et al., 1994),
Acartia grani(Saiz et al. 1998)Acartia bifilosa(Gorokhova, 2003) an@alanus sinicugNing et

al., 2013) have successfully established the oglahips between RNA:DNA ratios and protein
synthetic activities determined as egg productiates, that is proved to be influenced by
temperature and food quantity and quality (Saialgt1998; Gusmao et al., 2009). Nonetheless,
until now this correlation has been proved for fepecies and more evidence must be achieved
considering the high diversity of Copepoda (Mauwh|i1998). Furthermore, most of the studies
have been made under laboratory conditions, lackéhg studies proving the relationship between

the RNA:DNA ratio and egg production rates througitbe seasons.

Considering these features, this study aims tdetgrmine the seasonal and spatial variability of
AcartiatonsaandAcartia clausiegg production rates and hatching success in tlagli@na estuary
relating to the environmental factors potentiallyfliencing reproduction, and consequently
estimate seasonal secondary production of femaksegruitment; ii) measure RNA:DNA ratios in

order to determine if they can be considered a gworly for secondary production.
2. Materials and methods
2.1. Study area and sampling

This study took place in the lower part of Guadiasauary and in the adjacent coastal area, located
in the south-western Iberian Peninsula, Portugal. (E). This estuary has the fourth largest
catchment basin of the Iberian Peninsula (~67,56€) land extends along approximately 70 km,
with the lower 50 km constituting the southern eordf Portugal and Spain (Iberian Peninsula,
Europe). It is considered a mesotidal estuaringeryswith tidal amplitudes that range from 1.3 to
3.5 m and an average depth of 6.5 m. It is infleenby a temperate Mediterranean climate,
exhibiting moderate humid winters and hot dry sumsn&he average annual rainfall fluctuates
between 561 and 600 mm in the Portuguese basih, cahsiderable variation between years.
Before the Algueva dam construction, freshwateuispo the estuarine zone used to vary sharply
between dry and humid months (1995-2000: 333 =+ 61,00°s’: retrieved from
http://www.snirh.pt), while since 2002 a more reguteshwater flow throughout the year has been
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occurring. The total volume of water retained ia tiver not reaching the estuary is estimated to be
13,000 hmi yeaf* (Dias et al., 2004). Guadiana estuary has becamengted by freshwater during
winter and flood periods, while in summer and spieason it is a salt-wedge estuary (Rocha et al.,
2002). It is also influenced by weak coastal upwglevents (Filza, 1983). Numerous fish species,
use the estuary, as an important nursery area, asidhe pelagic species with high economic
importance in the area, the anchdanygraulis encrausicoluand the sardin8ardina pilchardusas

well as Sparidae (Faria et al., 2006).

From December 2008 until June 2010, two statiomsitkd in the lower part of the Guadiana
estuary (~ 4 m depth, 37°13'05.11" N - 7°24'46\80"and in the adjacent coastal area (~ 10 m
depth, 37°07'37.42" N - 7°24'39.30" W) (Fig. 1) svesampled monthly during flood tide
(fortnightly during December 2008, January 2009 Eradtich to May 2009 and no sampling during
August, December 2009 and February, March 2010).

9°00°W 8“3»10’W 8°OP’ w 7"3‘0’W
1
37°30° N+ F37°30°N
s
37°15° N+ F37°15°N
A
°00° N I 37°00° N
37°00 %> 0 50 37°00
kilometers
T T T U
9°00°'W 8°30°W 8°00°'W 7°30°W

Figure 1 — Map of the studied area with the two sampling stations, black triangle corresponds to inside Guadiana river

estuary and grey triangle to adjacent coastal area.



Sampling was always carried out during daylightred@ — 15h). Zooplankton was sampled with a
conical net (0.13 fmouth opening and 20@m mesh size) hauled horizontally just below the sea
surface for 5 min at approximately 2 knots, equgppath a HydroBios flow meter. Two vertical
hauls were taken at each station: one catch wed fix4 % formalin buffered for determination of
abundance of the target species (samples sorteithdoselected species identified with reference
under a stereomicroscope), and on the other cailtad end content was gently transferred to
clean insulated containers and diluted with surfeeawater for transport back to the laboratory
within one hour. Temperature and salinity were mess with a hand-held meter (YSI 85). In situ
chlorophyll a was determined using a fluorometer (10 AU Turn&Yater samples were also
collected to determine major microplankton groupsthe laboratory. To assess microplankton
composition and abundance, samples were presertiedew Lugol’'s solution and subsamples of
50 ml were concentrated by gravimetric sedimentabyg the Utermohl technique (Hasle, 1978).
Samples were identified to the highest taxonomipassion using a Zeiss IM35 inverted
microscope with phase contrast and bright fieldniination. The carbon content of the main
microplankton groups were calculated based on tluateons given in Smayda (1978), using the
cells measurements performed by Garrido et al.§20lhe freshwater inflow data measured at the
Pulo do Lobo hydrometric station were obtained fribra Sistema Nacional Informacdo Recursos
Hidricos (http://snirh.pt/)

2.2. Egg production and hatching success experisnent

Egg production rates and hatching success werengietd for the free-spawning copepddisartia
clausiandAcartia tonsa Water from each station was passed through abénesh to remove any
copepod eggs and metazoan zooplankton prior teexiperiments Acartia females were gently
sorted from the samples using a glass pipette, Satol 8 undamaged and actively swimming
individuals were placed in 500 ml bottles. Threplicate bottles per station were incubated at the
same water temperature as that of the samplingstathe incubation time was 24-26 hours. After
this period, all females were removed from thelbdiy sieving the water through a 200 pm mesh
and immediately placed in liquid nitrogen for posie RNA:DNA ratio analysis. All the eggs
produced by the females during the experimentabg@evere incubated for an extra 48 hours at the
same temperature in order to estimate the hatcuogess. At that period, all nauplii were counted.

2.3. Biomass and secondary production determination

Carbon-specific egg production rates (SEP) fordbeepod species were calculated according to

the equation:



SEP = Ep x X°
_ e

where,EP is the number of eggs femalelay*, Weis the egg carbon content avd is the female
carbon biomass. Egg carbon content was assumed @0d5 and 0.04 pug C efgfor Acartia

tonsaandAcartia clausj respectively (Karboe and Sabatini, 1995). Female carbon weightg wer

estimated from prosome lengths using the equatfongcartia clausi
log(Wf) = 3.005 x log(PL)~84** (Ayukai, 1987)
and forAcartia tonsa
log(Wf) = 2.476 X log(PL)~%%%® (Thompson et al., 1994).

The total biomass was calculated multiplying therage female carbon weight by the abundance
of females. Copepod female production was therutatted by multiplying the female biomass with
SEPR and recruitment was estimated by multiplying thr@duction with hatching success as
described in Poulet et al. (1995).

2.4. RNA:DNA ratio analysis

Nucleic acids were analyzed for adult femaleAoértia clausiand Acartia tonsacollected from
March 2009 to June 2010 for both sampling sitescl®a acids were obtained using a method
based in the microplate fluorescent assay (MFA)kega et al. (2007), which is a modification of
the sequential fluorometric method of Bentle et(#881). This method is based on the use of an
ethidium bromide fluorometric technique, where theleic acids are sequentially degraded by
nucleases (RNase and DNase). Wagner et al. (198@ified the sequential fluorometric method to
the MFA with 96-well microtiter plates by adoptiagsarcosyl extraction technique, eliminating the

DNase step, and allowing the measurement of nuatads of several samples at the same time.

Prior to the assay, the wet weight (WW) of a bai€th to 30 specimens was measured to obtain
more than 0.5 mg WW. Copepods were homogenizedbigation (3 pulses 50 A during 1 min)
with a volume of 10Qul (0.5%) cold sarcosyl extraction buffer. Thentakk samples were shaken
for 30 minutes at room temperature using a vortexemequipped with a multiple-vial head.
Afterwards, the samples were centrifuged (12000t 0-4°C) for 15 min to sediment any
copepod remain particles. The samples were diltté@ with Tris buffer to reduce the sarcosyl
concentration to 0.05%. In each run, duplicateub@liquots of supernatants of the samples and
duplicates of 0, 0.6, 1.1, 1.7 and @ mi™ DNA standard solutions\{phagus 0.25 mg i from
Roche), and 0, 3.6, 7.3, 10.9 and 14g6ml™ RNA standard solutions (16s-28s coli 4 ug pl™

from Roche) were transferred to Nunclon 96-wellackl round-bottom microplates. The
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concentrations of DNA and RNA standard were chdmsause the fluorescence has been shown to
be linear within these ranges, and values of thepkss fit within these values. The mean ratio of
the slopes of the standard curves (slope of DNAdsted curve/slope of RNA standard curve) was
2.8 + 0.05, which can be used to compare RNA:DN##oreesults determined by other protocols
(Caldarone et 312006). Gel red solution (30) was added to each well, and the plates wereeshak
gently at room temperature. The fluorescence was sicanned after addition of the fluorescent dye
on a microplate reader (Biotek synergy HT modelS®AD) with 360 nm (excitation) and 590 nm
(emission) (first scan-total fluorescence RNA andA). Following the first scan, RNase solution
(15 pl, 0.12 pg ml-1) was added to each well and incedbadt 37 °C for 30 minutes. The
concentration of DNA was calculated directly usthg standard curve. The concentration of RNA
was determined indirectly by subtracting the DNAoflescence (second scan) from the total

fluorescence (first scan).
2.5. Data analysis

The Wilcoxon test was used to verify if there weignificant differences between both sampling
sites of the main environmental variables (tempeeatsalinity and chlorophyk). Generalized
linear models (GLM; Venables and Ripley, 2002) wesed to analyze the spatial and temporal
variability of egg production rates, hatching siescand RNA:DNA ratio of thécartia species
under study. For the egg production rates, a negdtinomial GLM with a logit link was used,
while for the hatching success a quasibinomial Gluéh a logit link was chosen. The following
independent variables were included: water temperathlorophylla, freshwater inflow, diatom-,
dinoflagellate-, ciliate biomass. Salinity was nsted in the model due to its obvious negative
correlation with the freshwater inflow. In order &malyze the RNA:DNA ratio variability and
possible relation to egg production rates, a GansGLM was used with an identity link. As there
were no significant differences in the seasonalabdity of RNA:DNA between both species,
further analyses were made including all the dathe same model (370 individuals in 20 sampling
dates). The independent variables used were: teyper chlorophyll, diatoms, dinoflagellates,
ciliates and egg production rate. All the GLM waenieosen accordingly the distribution of the
analyzed variables. Model predictors were seleatdg the Akaike Information Criterion (AIC;
Sakamoto et al., 1986). Predictors were removedbdnkward elimination based on AIC which
balances the degree of fit of a model with the neimif variables, in order to find the most
parsimonious model. Only those predictors whichtrdouted significantly to the model were kept.
The predictors freshwater inflow, diatoms, dino#Hates, ciliates and RNA:DNA ratios were log-
transformed, in order to normalize the data. Ste#is analysis was performed using the open
source software R 2.15.3 (R Development Core Te@t3)2



3. Results
3.1. Hydrography and food environment

Water temperature exhibited a typical seasonalecyal both stations, with maximum values
obtained in June and minimum values in Decembeying from 12.1 to 25.1 °C. Generally, lower
temperatures during colder months and higher teatyeys during warmer months were found
inside the estuary when compared to the coastal @&ig. 2), although there were no significant
differences between both stations (Wilcoxon test@3:5, p > 0.05). Salinity was lower inside the
estuary, reaching minimum values during Februar92Qanuary and June 2010, while in the
coastal area salinity was more constant througti@itime, with minimum values in January and
June 2010, showing significantly differences betwéeth stations (Wilcoxon test Z=209, p <
0.05). The salinity ranged inside the estuary f@dto 33.5 psu and in the coastal area from 25.1 to
38 psu (Fig. 2). Although chlorophyl presented similar values in both stations, thect¥ibn test
revealed that they were significantly different£21, p < 0.05). Inside the estuary the maximum
values were recorded in May and June 2010, andedafigm 0.24 to 15.42 pg™. while in the
coastal area maximum values were registered inl ApA009 and 2010, ranging from 0.22 to 9.36
ng L* (Fig. 2). The freshwater inflow varied stronglytieen years, with maximum values in
March 2010 (Fig. 3), as a consequence of the digeha Alqgueva dam after the occurrence of high
precipitation during winter (December 2009 to Feloy2010).

Food availability for the copepods varied signifitg during the studied period (Figure 4). At the
station located inside the estuary, diatoms shaaeigher relative abundance during spring months
(April 2009 and May 2010, carbon content: ~ 9981#8ug C L") and summer (July 2009, carbon
content: 118.1ug C LY, while dinoflagellate concentration was higheMay and June 2009 and
April 2010 (carbon content: ~ 33.7 + 1§ C L. Ciliate concentration was lower than the other
two main groups, with maximum values in March, ®etoand November 2009 (carbon content: ~
9.9 + 2.3ug C LY. At the coastal area, diatoms also presented fegtentages during spring 2009
(April and May, carbon content: ~ 132.7 + 3@ C L) and 2010 (May and June, carbon content:
~ 104 + 73.7ug C LY. Dinoflagellates were less abundant in this amsen compared to the
station inside the estuary, with maxima in July &&gptember 2009 (carbon content: ~ 11.1 + 0.9
ng C LY. Contrary, ciliates were more abundant in thestaarea, peaking in March and May
2009 and April 2010 (carbon content: ~ 13.1 +1&1IC L.
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station and obtained from the Sistema Nacionalrinédo Recursos Hidricos (http://snirh.pt/)

3.2. Species abundance, EPR, HS and RNA:DNA ratio

Both species ofAcartia occurred inside and outside the Guadiana estw@drigast some times
during the sampling period, bAtartia tonsawas significantly more frequent and abundant isid
the estuary whilécartia clausiwas significantly more frequent and abundant m ¢bastal area
(Fig. 5).A. tonsatotal abundance, inside the estuary, was highenglé-ebruary and March 2009,
reaching 15918 ind. th while A. clausj predominant in the coastal area, was usuallydbssdant
than its congener, peaking in March 2009 with 8B@iL m* (Fig. 6). Generally, the abundance of
the females of both species showed a similar pattetotal abundance, with maximum values in
March 2009, with 1200 and 1004 ind-rfor A. tonsaandA. clausj respectively (Fig. 6). The EPR
of both species peaked during spring months andmwasnum during the winter. EPR @f. tonsa
ranged from 0 to 26.5 + 3.7 eggs fematiay* in December 2008 and May 2010, respectively, and
A. clausifrom 0 to 25.1 + 3.3 eggs femdlelay’ for the same months. Hatching success varied

between 66.7 - 93.3 % and 59.1 — 94.6 %AotonsaandA. clausj respectively. HS was higher
during warmer months for both species (Fig. 7).
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The RNA:DNA ratio varied between 0.26-2.38 and 24 for A. tonsaandA. clausifemales,

respectively (Fig. 8). The highest value of the RNNA ratio for both species occurred during

May 2009.
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Figure 7 — Reproductive traits #fcartia tonsaand Acartia clausj egg production rates (EPR) as eggs female™ day’

and hatching success (%). Error bars indicate adstia deviation.

The analysis of the egg production ratesAafartia species in relation to the environmental
variables showed that total EPR A&f tonsawas significantly and positively related to frestier
inflow, chlorophylla and dinoflagellates abundance (Table I) while ERR ofA. clausiwas not
related to freshwater inflow (sampled mostly owside river plume) being only significantly and
positively related to dinoflagellates. Hatching egs of both species was not explained by any
variable used in the analysis (p > 0.05 for allwhgables used). In relation to the RNA:DNA ratio,

this index was significantly and positively relatedEPR (Table 1).
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Figure 8 — RNA:DNA ratios ofcartia tonsaandAcartia clausifemales.

Coefficients Independent Acartiatonsa EPR Acartia claus EPR Acartia RNA:DNA
variables

Negative Binomial Temperature 0.0694 n.i.

(logit) Inflow 0.602* 0.4067
Chlorophylla 0.086* n.i.
Diatoms n.i. 0.1727
Dinoflagellates 0.8547*** 0.4219***
Ciliates n.i. n.i.

Gaussian Temperature n.i.

(indentity) Diatoms n.i.
Dinoflagellates n.i.
Ciliates n.i.
EPR 0.0553 **
AIC 110.4 127.8 35.36
LogLik -48.8 -58.4 -13.5
DF 8 8 8

Table | - Coefficients and significance (p-valud)each of the explanatory variables of the two GLWegative
Binomial and Gaussian) describing the seasonahtiani of the egg production rates A€artia tonsaand Acartia
clausi and the RNA:DNA ratios oAcartia. Levels of significance are represented as ***p@001, **p< 0.001, *p<
0.01 and n.i. represents variables not includdtierfinal model after backward stepwise regressid@.is the Akaike

Information Criterion, LogLik is the log-likelihoodf the fitted model, DF are the degrees of freedom

3.3. Females secondary production and recruitment
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Secondary production of the females of bAttartia species was higher during sprind. fonsa
364 + 227.1 and\. clausi 119 + 116.4 pg C mday") and lowest during autumn montts tonsa
15.6 + 20.0 and\. clausi 44 + 73.9 pg C mday?) (Table I). Similarly, the egg production rates
presented its maxima and minima at the same seaRensiitment reached maximum values also
during spring A. tonsa 320.7 + 202.2 and. clausi 104 + 101.9 ug C tday'), and was at its
lowest during autumn and winter far tonsa(~13.7 + 16.9 ug C mday") and during autumn for
A. clausi(37.1 + 61.9 pg C mday') (Table Il). Hatching success was very similarwzsn
seasons for both species, reaching the lowestvalueng winter (Table II).

Species Season  No. Females SD EPR SD HS SD SP SD R SD
(females ni¥) (eggs fem? d™) (%) (uC méd?h (uC m*d?)

Acartia tonsa  winter 306.6 277.9 1.7 16 704 33 19.6 22.3 13.7 157
spring 549.3 369.9 18.8 80 882 43 364.0 2271 20.B 202.2
summer 203.0 293.6 9.9 56 846 48 57.2 65.8 46.1 52.0
autumn 481.8 365.8 2.7 26 838 65 15.6 20.0 13.7 183

Acartia clausi  winter 239.6 384.1 5.7 39 738 92 103.6 189.7  579. 1446
spring 160.1 154.0 16.2 62 838 77 119.2 116.4 04.1 101.9
summer 274.2 264.6 10.6 45 851 24 98.8 843 783 702
autumn 214.0 341.7 3.8 38 812 23 44.4 73.9 137. 619

Table Il — Seasonal reproductive traits and estonatof females secondary production and recruitnoércartia

tonsaandAcartia clausi No. Females is the abundance of females, EPBgigpeduction rate, HS is hatching success,

SP is the secondary production of females, R isiigeent. SD is standard deviation.

4. Discussion
4.1. RNA:DNA ratio as a proxy of EPR

The RNA:DNA ratio was significantly related to tkgg production rate dkcartia species during
the sampling period. This result agrees with presistudies of different copepod species such as
Acartia grani(Saiz et al., 1998)Acartia bifilosa(Gorokhova, 2003) an@alanus sinicugNing et

al., 2013). Consequently, there is more evidened this index can be a good indicator of
reproductive growth rate of copepods, resultinthmuse of a less laborious method. Temperature,
chlorophyll a and food availability did not influence the RNA:BNindex. Although the
biosynthesis of proteins is influenced by tempemts any other chemical reaction, suggesting a
temperature dependency of any index containing RiW&re is some discrepancy of previous
results regarding temperature and RNA:DNA rati@ttehship. Saiz et al. (1998) found a linear

increase between EPR and RNA:DNA ratio Aorgrani that was temperature dependent, although
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only two temperatures were used. Accordingly, far topepodalanus finmarchicushere was a
reduction of the RNA:DNA ratio with temperature iease (Wagner et al., 2001). On the other
hand, Ning et al. (2013) did not find any corraatibbetween temperature and RNA:DNA ratios
when studying the copepd@hlanus sinicusand Gorokhova (2003) verified that RNA indicesfof
bifilosa were not significantly affected by temperaturel the results showing a correlation were
conducted under laboratory experiments, exceptiiework of Ning et al. (2013) that was based
on a field study just like the present study. Téeperature range found in the present study and
used in the laboratory varied between 14.9 and@5which seems to be adequate to infer the
possible effect of this variable on the ratio. jppaars that there is a complexity of the various
environmental factors in the field capable of iefiging the RNA:DNA ratio, masking any direct
effect of temperature. For instance, Buckley e(2008) found that the best-fit meta-analysis model
including RNA:DNA ratio, temperature and growtherathe nucleic acids index was temperature
dependent only for fishes less than fully fed antdwhen considering the well fed, suggesting that

food may be an important factor for this dependency

A lack of relation between RNA:DNA ratio and foggbe was also found, which indicates that EPR
is a more sensitive indicator of food availabiliban the nucleic acids index. Although there was a
significant relationship between both species ERR the abundance of dinoflagellates, the
RNA:DNA ratio was only related to EPR. Vehmaa et(2012) found different responses of EPR
and RNA:DNA ratio when the copepoHurytemora affiniswas given several dominating
phytoplankton species of spring blooms in the Ba#tta. Moreover, Speekmann et al. (2006)
observed thafcartia tonsaEPR was influenced by the various mixed food tygigen to females,
but not the RNA:DNA ratio. On the other hand, Nakat al. (1994) found a positive relation of
RNA:DNA ratio and egg productivity alongside withlerophyll a concentration foParacalanus

sp. females. A possible explanation for the differeffects of food on these two physiological
parameters is the fact that EPR reflects growtHeMRNA:DNA ratio is a measure of growth and
physiological condition. Thus, a certain type obdomay be promoting a high egg production and
at the same time causing low physiological conditieflected in the RNA:DNA ratio, andice
versa Again, the present study aims to verify the iaflae of food availability found in nature on
the RNA:DNA ratio, while most of the previous stesliwere mainly conducted under laboratory
experiments, which may explain the variation in tesults. Nevertheless, the present results show

that RNA:DNA ratio is a good proxy to infer copep@groduction performance.
4.2. Factors influencing reproduction

This study presents the first description of th@eduction dynamics oAcartia clausiandAcartia

tonsa at southern Iberia, being one of the few studmaslyaing copepod secondary production
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along the entire Portuguese coast (e.g. Pastoenlab., 2003; Vieira et al., 2003; Leandro et al.,
2007). Chicharo et al. (2003) estimated the egglymtion of Calanus helgolandicuff the

northwest coast of Portugal, whereas all otherissudf this area were based in cohort analysis or
indirect inference growth rate models, instead e in situ egg production rates method used

herein.

Both species are the most abundant copepods isttiseed area and belong to one of the most
studied genera around the world. Due to their dbfie physiology and biology, they seem to
occupy different habitats, in this casetonsais present mainly inside the estuary, wiiileclausiis

the predominant species in the adjacent coastal atdhough, depending on the water conditions
along the estuary they co-occur. Chicharo et &106p) showed that plankton productivity at the
estuary varied with freshwater discharge and redtbassociated modifications in planktonic
assemblages. This may explain the advectioA.oflausifrom inside the estuary to the adjacent
coastal waters, once this species presents an apphysiological condition at higher salinity
values (Castro-Longoria, 2003). Although a sigmifitincrease in freshwater discharge may in a
short term negatively affect the distribution amadiddance of those species, the sudden increase in
river discharge, if of short duration (a freshwapelse), may affect positively the zooplankton
abundance, especially copepods. Copepods areigeltsders (Reynolds, 1984) and benefit from
an availability of a more diverse prey assembl#ug, result after the pulse due to nutrient incegas
that promotes phytoplankton diversity and the seggion of competitive exclusion processes,

owing to the changes in physicochemical condit@mg to top-down control.

The egg production rates determined here for botlgeneric species are in accordance to other
studies conducted fak. clausi(Uriarte et al., 2005; Boyer et al., 2013; Ustind 8at, 2014) and
for A. tonsa(Kleppel, 1992; Kleppel and Hazzard, 2000). Oy toften occupy different habitats,
the environmental parameters that influenced tlpgockiction were different for each species.
There was a positive relationship between the egdyztion rates oA. tonsaand the freshwater
inflow, chlorophyll a and dinoflagellates abundance, whife clausi was only related to

dinoflagellate biomass.

Salinity within the estuary and in the immediatéghborhood coastal area is regulated by the tidal
cycle and the amount of freshwater reaching thetebarea, itself regulated by the dams that exist
upstream the Guadiana river, especially by the &lqudam. The water flow increases when the
dam reaches highest levels during the winter, apresg of higher rainfall, which provides a
nutrient enrichment to downstream waters. Thisaliyeaffects the primary production which
constitutes the food source necessary for copepod&bolic maintenance, including their

reproductive success. The construction of the Alguelam has changed the river inflow
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introducing major changes in the phytoplankton cosipon and abundance that has decreased
when compared to pre-filling period data (Domingetsal., 2014). Present results showed that
there is a relationship between the egg produatides ofA. tonsaand the freshwater inflow,
suggesting that it has a positive impact on theodyctive performance of this species that lives
preferentially inside the estuary, while it appaierhad no effect onA. clausi reproductive
performance, which is more abundant in the coasidérs. This may suggest that the productivity
of one of the most abundant species inside theagstwas probably higher and more constant
throughout the year, when there was a natural fratdr inflow before the dam construction.
Furthermore, according to Domingues et al. (20B2pther consequence of the Alqueva dam
construction is the decrease of phytoplankton abooel and delay of the phytoplankton bloom,
occurring now in late spring/early summer insted@arly spring. The decrease of phytoplankton
abundance might have decreased the secondary pimducthe estuary, as shown by the positive
relationship between chlorophydl concentration and EPR &. tonsawhile the delay of the
phytoplankton bloom might have caused a tempoiiétl ishthe reproduction peak time & tonsa
This temporal shift might have as consequence aatih of pelagic fish spawning and plankton
productivity. In fact, deleterious impacts in highephic levels were found by Morais et al. (2009)
due to the freshwater inflow changes, showing dike the abundance of anchovy larval stages,
associated with a decrease of the estuarine prigdy@nd to uncontrolled river discharges during
the spring. In summary, the dam construction maye heffected negatively the production Af
tonsathrough a bottom-up effect, and consequently tgkdr trophic levels. To enable a successful
management of dammed rivers, Chicharo et al. (200@beloped a model for the Guadiana
estuary, taking into consideration not only the rgitg of freshwater but also the timing of the
release of freshwater from the Alqueva dam. Thisildidnelp to maintain all the trophic structure
and minimize all the changes in the ecosystems dteam promoted by the retention of the

nutrient enriched freshwater in the dam.

The freshwater inflow is negatively correlated wilte salinity, meaning that lower salinity was
favorable toA. tonsareproduction. This species is usually confinedirtner waters such as
estuaries, probably due to food availability (Palfféfer and Stearns, 1988). It is expected fat
tonsais adapted to high variations of environmentaltdex like salinity, due to tidal changes.
However, Castro-Longoria (2003) found that thiscsg®e has similar egg production rates at a range
of salinity from 20 to 35, only decreasing whemeaches a salinity of 15. Moreover, experiments
conducted withA. tonsashowed that egg production rates increased atitsedi of 14 and 20, and
decreased with lower (6 and 10) and higher sad®i(i30) (Peck and Holste, 2006). Values of
salinity during the sampling period of the presstidy inside the estuary were always around or
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higher than 20, except for few months that readbeer values (February 2009 and January, April,
June 2010) ranging from 2 to 12.8. Although thénggtiregistered during April and June 2010 was
approx. 10-12, the egg production rates were rdgk, to the fact that freshwater inflow increased
in the beginning of the year, which induced theease of primary production in the lower estuary.
Consequently, in this case scenario, it is thehfrader inflow and not the salinity that mostly
impacts the EPR oA. tonsa with the increase of nutrients and consequeniiygry producers,

since the secondary production was kept high dedpé salinity decrease.

Acartia clausiegg production rate was not affected by the fregbwinflow and consequently by
salinity, due to the fact that sampling was conedcin the adjacent coastal area outside the
influence of the river plume, as shown by the camistalues of salinity registered throughout the

sampling period (~ 35).

Many previous studies have observed that the nagtofs that influencécartia fecundity are
chlorophyll a as food proxy (Uye, 1981; Jung et al., 2004; Pagatnal., 2004; Kimmerer et al.,
2005) and temperature (Uye, 1981; Ara, 2001; Cdstrgyoria, 2003; Boyer et al., 2013).
However, this relationship was not always confirnreéleld studies in the case of food availability
(White and Roman, 1992, Uriarte et al., 1998; Bosgeal., 2013) and temperature (Hay, 1995;
Rodriguez et al., 1995; Gomez-Gutiérrez et al.,9)9€hlorophylla was only significantly related
to A. tonsaegg production rate, while temperature did ndugrice the fecundity of both species.
This probably indicates that food quantity may te nain factor influencing the reproductionfof
tonsain this area. Diatoms were present in high abuceauring all the sampling period, meaning
that they were not a limiting factor for th&cartia productivity, although probably being an
important prey for both specieécartia genera feed not only on phytoplankton but also on
mixotrophic and heterotrophic microplankton such cisates and dinoflagellates (Rollwagen-
Bollens and Penry, 2003; Dutz and Peters, 200&nfah et al., 2010). The factor that most
correlated with the egg production rate of bothcggse was the dinoflagellates biomass. Food
guality has been pointed out as one of the magygérs of copepods fecundity (Jonasdottir and
Kigrboe; 1996; Kleppel et al., 1998), such as typee,sshape, and nutrient content. Vehmaa et al.
(2011) showed thacartia bifilosafeeding on a dinoflagellate had higher egg pradoatate than
feeding on a diatom, probably due to a higher fatigls ratio contained in the dinoflagellate tlsat i
essential to maximize the fecundity of females éEw et al., 2008). High egg production rate was
also found forA. tonsaduring summer when there was a high proportiodiftérent dinoflagellates
and a bloom ofProrocentrum micangluring autumn in the Baltic Sea (Schmidt et a@98).
Therefore, prey quality and not only prey concemramight be responsible for the secondary
production off the Guadiana estuary.
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Hatching success of both species was not relatexhyoenvironmental variable, and showed no
trend throughout the sampling period. This is ireagient with several other studies that found no
relationship between hatching success and envirntahtactors such as temperature, salinity and
chlorophylla (e.g.Acatrtia lillleborgi, Ara, 2001;Acartia clausj Uriarte et al., 2005). In contrast,
salinity and temperature have been found to sicanitly impact the viability of eggs &. tonsa
andA. clausj respectively (Peck and Holste, 2006; Holste aeckP2006; Boyer et al., 2013). The
percentage of hatched eggs found in the presedy gwconsiderably high and very similar to other
results presented for the same species (Amble§;18&, 2001; Uriarte et al., 2005). Uriarte et al.
(2005) studied the reproduction Af clausiin two estuaries of northern Spain, and explaitied
lower hatching success values registered in Bilstaary with hypoxic conditions. Although the
dissolved oxygen in the water was not measuretienptesent study, the Guadiana lower estuary
and adjacent coastal area are not organically legalicones where anoxic conditions are frequent
(e.g. Garel and Ferreira, 2015), which is refledigdhe frequently high hatching success obtained.
Hatching success can be highly influenced by tloel fguality (Arendt et al., 2005), although in the
present study it did not reveal any relationshihwine main groups of microplankton. The fact that
the hatching success was high almost in all sampliates could be due to a good nutritional

environment favorable to this reproductive rate.
4.3. Female secondary production and recruitment

In the present study, the secondary production @sisnated considering only the females, a
fraction of the population studied, that correspotalan underestimation of the total production of
the species. In order to calculate the total prodogthe biomass of each developmental stage
should have been determined, which would involviéedint sampling techniques that were not
conducted. According to Poulet el al. (1995), tkhg eroduction method has some technical and
practical advantages such as the short incubatiow, treplicability and accuracy of the
measurements of biomass and fecundity, and simcgtiifin in the identification, similar to those
used to estimate primary production. Furthermooees authors have developed models that are
frequently used to infer indirectly the copepodsfdankton productivity, based on body weight,
temperature or food (e.g. Ikeda and Motoda, 1978; Huntley and Lopez, 1992; Hirst and Bunker,
2003), although none of them have been acceptediaaslard methods for secondary production

determination, mainly due to the existence of savactors controlling it.

In fact, when comparing the present results witbséhfrom other studies that estimated the
secondary production of the sameartia species, using different methods and developmental
stages, there is not a great discrepancy (TabJe Udandro et al. (2014) obtained the juvenile

secondary production of both species in Ria der&viey combining in situ data on abundance with
20



specific temperature-dependgmbowth models, showing similar values fr clausithan the ones
found here for females production. In the Mondegtuary, both species secondary production
estimated by cohort analysis presented also siwéllres to the ones estimated in the present study
(Pastoritho et al., 2003; Vieira et al., 2003). Therefore, these resultsicaig that if the total
secondary production had been estimated in theprasudy, most probably it would have reached
higher or equal values than the studies referredtle 111, suggesting that the Guadiana estuasy is

very productive system.

Species Location Method Production Reference
Acartiatonsa Mondego Estuary (Portugal) Cohort analysis 0.12 Pastorinho et al. (2003)
Ria de Aveiro (Portugal) Growth rate approach 1.14 Leandro et al. (2014)

(temperature-dependent growth model)

Patos Lagoon Estuary (Brasil) Hirst and Bunker (2003) growth model 0.4-3.65 Muxagata et al. (2012)

Westerschelde Estuary Growth rate approach 1.9 Escaravage and Soetaert
(The Netherlands) (temperature-dependent growth model) (1995)
Guadiana Estuary (Portugal) Egg production rate method 0.143 Present study
Acartia clausi  Mondego Estuary (Portugal) Cohort analysis 0.17 Vieira et al. (2003)
Ria de Aveiro (Portugal) Growth rate approach 0.068 Leandro et al. (2014)

(temperature-dependent growth model)

Guadiana Estuary (Portugal) Egg production rate method 0.101 Present study

Table 1l - Published data on the average dailyordary production (mg C thday") of Acartia tonsaand Acartia
clausiincluding the present results.based on annual average and assuming 365 days per year; b. assuming a carbon-

dry weight conversion of 0.5.

Zooplankton plays a key role on transferring endgaiigher trophic levels, and copepods (mainly
nauplii and copepodites) are an important food @wo fish larvae and some adult pelagic fish
(Morote et al.; 2010, Garrido et al., 2015). Therefore, is extignm@portant to understand the
synchrony between the copepods secondary prodireteonitment and the fish larvae recruitment
(Cushing, 1995). Early stages of pelagic f&ardina pilchardusand Engraulis encrasicolusre
abundant in the Guadianatwary and adjacent coastal areas (Faria et al., 2006; Gongalves et al.,
2015), and previous studies have found #hedrtia spp. is included in their diets (Garrido et al.,
2008, 2015Borme et al., 2009; Costalago et al., 2014). In addition, feeding experiments conducted
with S. pilcharduslarvae showed that higher ingestion rates werehegh with high prey
concentrations, consisting #cartia grani nauplii and copepodites, suggesting that thisiepes
adapted to forage within dense prey patches (Galdgial., 2014). Therefore, it is important that
the time of highest copepod production/recruitmmaatches the time of pelagic fish recruitment. In
the Guadiana River:. encrasicoludarvae are more abundant in spring and summerevil

pilcharduslarvae start to be abundant in winter, peakingnduspring and summer (Faria et al.,
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2006; Gongalves et al., 2015). The present results showed higlerartia production/recruitment
during spring and summer, exhibiting a good synehmwith the pelagic fish larvae foraging, being

a potential key prey to monitor food availabilityr these important fishery resources.
5. Conclusion

There was a positive relationship between RNA:DNior and egg production rate éfcartia
species, indicating this biochemical index as adgmoxy for fecundity and a less laborious method
to be used in the future to infer secondary pradliigt The fecundity of two of the most abundant
zooplankton species that occur in the lower patthef Guadiana estuary and the adjacent coastal
area, the congenefgartia tonsaandA. clausiare influenced by different environmental variable
Egg production rate ofAcartia tonsawas related to freshwater inflow, chlorophyl and
dinoflagellates biomass, while the egg productidn Azartia clausi was mainly related to
dinoflagellate availability. Freshwater dischargaduced higher productivity downstream with
nutrient enrichment, justifying its positive inflobee on the amount of eggs laid By tonsa
However, changes in inflow regime which had an ictfmn phytoplankton communities may have
altered copepods reproduction. Dinoflagellates stebe the optimal food item that influences the
reproduction of botMAcartia species in the studied area, although diatomsaeadable in high
concentrations during the year. This probably i€ da their higher nutritional composition,
promoting higher egg production rates. Hatchingceas was constantly high during the sampled
period and was not related to any environmentablbbe, probably due to a lack of any limiting
factor. Female secondary production and recruitro€bbth Acartia species showed higher values
during spring and summer, exhibiting a synchronthwhe recruitment of pelagic fish inhabiting
the Guadiana estuary, which means they can beassedlicators of food availability for their early

development stages.
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