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Abstract
Variability in mesoscale nearshore oceanographic conditions plays an important role in the

distribution of primary production and food availability for intertidal consumers. Advection of

nutrient rich waters by upwelling usually allows the proliferation of diatoms, later replaced by

dinoflagellates. We examined upwelling effects on the fatty acid (FA) signature of a benthic

intertidal filter feeder to identify its response to pulsed variability in food availability. The study

took place in two contrasting seasons and at two upwelling and two non-upwelling sites inter-

spersed within the southern Benguela upwelling system of South Africa. We investigated the

FA composition of the adductor muscles and gonads of the musselMytilus galloprovincialis
to assess how FA are apportioned to the different tissues and whether this changes between

upwelling and non-upwelling conditions. In situ temperature loggers used to identify upwelling

conditions at the four sites indicated that such events occurred only at the upwelling centres

and only in summer. Tissues differed strongly, with gonads presenting a higher proportion of

essential FAs. This could reflect the faster turnover rate of gonad tissue or preferential reten-

tion of specific FA for reproductive purposes. FA composition did not vary as a direct function

of upwelling, but there were strong dissimilarities among sites. Upwelling influencedmussel

diets at one upwelling site while at the other, the expected signature of upwelling was dis-

placed downstream of the core of upwelling. Condition Index (CI) and Gonad Index (GI) dif-

fered among sites and were not influenced by upwelling, with GI being comparable among

sites. In addition, FA proportions were consistent among sites, indicating similar food quality

and quantity over time and under upwelling and non-upwelling conditions. This suggests that

the influence of upwelling on the west coast of South Africa is pervasive and diffuse, rather

than discrete; while nearshore retention or advection of upwelled water is critical and site-spe-

cific so that the effects of upwelling differ even among sites categorised as upwelling centres.
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Introduction
Temporal and spatial variation in mesoscale nearshore oceanographic conditions plays an
important role in the distribution of primary production [1,2], resulting in differences in the
availability of resources for intertidal consumers [3,4]. These differences in food availability
can strongly influence the distribution and metabolism of these organisms [5–7]. One feature
that can influence food availability is represented by upwelling events, which bring deep, nutri-
ent-rich waters into coastal ecosystems, promoting nearshore phytoplankton production [8–
10]. Coastal upwelling supports many of the world’s most important pelagic fisheries [11] and
previous studies have shown the importance of upwelling to benthic communities through the
enhancement of primary production and food availability for primary consumers [12–14].
During periods of active upwelling, primary production usually exceeds 1 g carbon m-2 day-2

and can reach up to 10 g carbon m-2 day-2 [12]. The biological consequences associated with
these events are critically important for consumers in costal environments. For instance, the
reproductive peak of some invertebrates has been shown to coincide with the upwelling season
[15,16], enabling planktotrophic larvae to benefit from the phytoplankton rich water.

Upwelling events are highly variable in duration, intensity and frequency [17,18]. They are
usually stronger and sometimes only occur during the spring and summer months [19–21],
leading to marked seasonal shifts in primary production [22]. This variability has important
biological consequences for the timing of energy input into the coastal system, with implica-
tions that propagate up the food chain, affecting trophic dynamics and thus ecosystem func-
tioning [23,24]. Strong upwelling can reduce recruitment of benthic organisms due to the
offshore export of larvae away from favourable settling grounds [25]. Likewise, coastal phyto-
plankton composition fluctuates seasonally in response to the nutrient input associated with
the seasonality of upwelling [26], usually going through a succession of communities domi-
nated first by diatoms and then dinoflagellates [27–29]. These changes at the base of the food
web may cause structural changes at different scales of observation, from individuals to the
whole food web, by influencing the richness and abundance of intermediate and higher trophic
levels [30].

The eastern boundary current system off the west coast of Southern Africa is recognized as
one of the world’s largest coastal upwelling systems [31]. It is characterized by the north flow-
ing Benguela Current, of Antarctic origin [32,33], which is associated with strong, wind-driven
upwelling events, that occur predominantly in the austral summer [34,19]. The natural season-
ality of upwelling events on the west coast of South Africa provides the opportunity to investi-
gate the relationship between temporal variability in nearshore oceanographic conditions and
the diets of benthic populations. We used fatty acid (FA) analysis to examine the spatial-tem-
poral scales at which upwelling effects are manifest in the diet of benthic filter feeders, compar-
ing recognised upwelling centres with downstream sites, over time. The FA technique is
recognized as a useful tool for understanding the trophic relationship between food source and
consumer, providing information on ecosystem dynamics and functioning over a relatively
short period of time [35], making it an appropriate tool for this type of study. Our main
hypothesis was that filter feeder diets change directly in response to upwelling. Within this con-
text, we investigated several aspects of these dynamics. First, we hypothesised that the FA com-
position of filter feeders and suspended organic matter (SPM) would be characterized by
diatom FA trophic markers (FATM) at upwelling centres during, or shortly after upwelling
events, while this signature should decrease downstream of these centres. Similarly, we
expected the proportion of dinoflagellate biomarkers to be stronger in specimens and SPM
downstream of upwelling sites, as observed by Allan et al. [36], or to increase in the period fol-
lowing an upwelling event, once the nutrient concentration in the water is reduced. Secondly,
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we expected specimens from upwelling centres to exhibit better body condition than those
from non-upwelling areas as overall they are expected to encounter higher food concentrations
and potentially accumulate lipids, as energy storage, for food-shortage periods. Lastly, we
wanted to identify how FA composition differs between the various tissues of filter feeders in
different months and in relation to upwelling.

Materials and Methods
This study was carried out in accordance with the requirements in the ‘‘permit for the purposes
of a scientific investigation or practical experiment in term of section 83 of the Marine Living
Resources Act, 1988 (Act no 18 of 1998)”. This permit was approved by the Chief Director of
Fisheries Research and Development; Department of Agriculture, Forestry and Fishery, Repub-
lic of South Africa (Permit ref. no: RES2012/05 and RES2013/09).

Study area
The study was conducted along the South African west coast (Fig 1, 34.4°–32.19°S°, 17.52°–
18.27°E). The Benguela Current flows south-north along this coast and samples were collected
at four sites identified by Xavier et al. as upwelling or non-upwelling centres [37]: sites 1 (Llan-
dudno) and 3 (Paternoster) were categorised a priori as upwelling sites, and sites 2 (Blouberg-
strand) and 4 (Elandsbaai) as non-upwelling or downstream sites (Fig 1). Sampling was carried
out on four occasions: twice in austral summer (10–11th December 2012 and 8–9th February
2013), during the upwelling season, and twice in winter (12–13th June and 8–9th July 2013),
during the non-upwelling season.

Upwelling characterization
To characterize upwelling frequency and intensity, sea temperature was recorded in situ at
each site from December 2012 to July 2013, using four temperature loggers at each site
deployed intertidally during low tide. The loggers were composed of an iButton (model DS
1922L Dallas Maxim, CA, USA, Thermochron high resolution, − 40°C to + 85°C with an
accuracy of ± 0.0625°C) covered with teflon and glued with two-component epoxy (Alcolin
rapid-epoxy) onto perspex plates which were screwed onto the rock surface. All loggers were
programmed to measure temperature every 30 min and were replaced every three months
due to memory limitations. The iButtons were programmed using the software ColdChain
Thermo Dynamics. Maximum tidal range on this coast is approximately two meters and the
locations of loggers differed slightly among sites, but all were within the same 20 cm tidal
range and deployed next to mussel beds. Hourly data of predicted tidal height at the sampling
sites were provided from the website XTide: harmonic tide clock and tide predictor (http://
www.flaterco.com/xtide/xtide.html), and were used to separate temperature data for periods
of immersion and emersion of the loggers. Upwelling events in this region can be defined as a
daily decline in mean temperature (ΔT) of� 5°C [34,38], while a drop in daily mean tempera-
ture of 1–4°C was defined as a weak cooling event. The number of successive days after each
cooling event in which the temperature remained constant (ΔT� 5°C) from the initial drop
was also recorded. The results of the temperature loggers were used to confirm the a priori
characterization of sites as either upwelling or non-upwelling. Specifically, we used tempera-
ture data from 5 days prior a sampling event to categorize upwelling (48 measurements per
day per data logger).
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Sampling
Fatty acids. To investigate the influence of upwelling on filter feeder diets and metabolism,

we studied the adductor muscles and gonads of the musselMytilus galloprovincialis. The
adductor muscle was chosen due to its low turnover rates, making it representative of a time-
integrated diet [39], while the composition of the gonad provides insight into the reproductive
state. On each sampling occasion and at each site, six haphazardly selected individuals were
collected, dissected and processed for FA analyses. In addition, to assess if food quality differed
among sites or varied among sampling occasions, three replicates of 5 L of seawater were col-
lected from the shore to evaluate the SPM. Water samples were filtered gently (< 5 cm Hg vac-
uum) onto pre-combusted (450°C) GF/F filters (0.7 μm pore size and 47 mm diameter). The

Fig 1. Map of the study area on the west coast of South Africa showing the sampling sites in upwelling (black) and non-upwelling
(white) areas.

doi:10.1371/journal.pone.0161919.g001
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tissue and SPM samples were then flash frozen in liquid nitrogen and transferred to a– 80°C
freezer until processing.

Condition and gonad indices. To understand the possible effects of upwelling on the con-
dition of mussels, the condition index (CI) and the gonad index (GI) ofM. galloprovincialis
were measured from specimens at each site on each of the four sampling occasions. For the CI,
20 haphazardly selected adult mussels (4–5 cm shell length) were collected and kept frozen at–
20°C until processing. The shells and the soft body tissues of each mussel was dissected and
dried at 60°C for 48 h. CI was also calculated for the samples used for the FA analyses (provid-
ing six additional individuals per site). For these samples, the soft parts were freeze dried for 24
h as drying at 60°C would degrade the FA. No differences in the CI were recorded between
specimens dried with the two different methods (ANOVA, p> 0.05). Consequently all repli-
cates were pooled for the CI analyses (n = 26 per site). The CI was then calculated as a percent-
age of the dry soft tissue weight over the dry shell weight, following Davenport and Chen [40]:

CI ¼ dry soft tissue weight
dry shell weight

X 100

The GI was measured only for the samples used for the FA analyses (n = 6 per site). The
gonads were dissected and freeze dried for 24 h. The GI was calculated as a percentage, by
dividing the dry weight of the gonad by the total body dry weight following Williams and Bab-
cock [41]:

GI ¼ dry gonad weight
dry total body weight

X 100

Fatty acid analyses. Samples were lyophilized (VirTis BenchTop K) for 24 h, then stored
at -80°C until total lipids were extracted and trans-esterified using a modified Indarti et al [42]
one-step procedure within 6 months of collection. A known amount of tissue (between 25 and
50 mg of dry weight) for each sample was homogenized into a 4 mL fresh solution of a mixture
of methanol, concentrated sulphuric acid and chloroform containing 0.01% of an anti-oxidant,
BHT (butylated hydroxytoluene) (1.7/0.3/2.0 v/v/v), and closed under nitrogen. The extraction
and transesterification reactions occurred at 100°C for 30 minutes. The FA methyl esters
(FAME) formed were then stored at -80°C until Gas Chromatography (GC) analyses. FAME
composition of each sample was determined by GC (Agilent Technologies 7890A) equipped
with a ZB-Waxplus capillary column (ZB-Waxplus 320 column), with helium as the carrier gas
at a flow rate of 1.664 ml min−1. The injector was at a temperature of 250°C. The flame ioniza-
tion detector was set at 260°C, and the oven was initially set at 70°C. After 1 min, the oven tem-
perature was increased by 40°C min-1 until 170°C and then raised to 250°C at a rate of 2.5°C
min−1 and held for 4.5 min. Peaks were integrated using GC ChemStation software (Agilent
Technologies, version B.04.02), identified by comparison with retention times of external
known standards (37 component fatty acid methyl ester mix Supelco, marine PUFA no. 1
Supelco, menhaden oil PUFA no. 3, bacterial acid methylesters mix Supelco), as well as by
mass spectrometry analyses (Agilent Technologies 7000 GC/MS Triple Quad; Agilent Mass
Hunter (MS), version B.05.00,) using the NIST library. Each FA was measured as a proportion
of the total FA (TFA) composition (% by weight of TFA) and peak areas were corrected accord-
ing to the FID response to FA chain length [43]. FA are reported using a shorthand notation of
A:Bwx, where A indicates the number of carbon atoms, B is the number of double bonds and x
indicates the position of the first double bond relative to the terminal methyl group [44].
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Data analysis
Upwelling characterisation. To test the a priori characterization of upwelling or non-

upwelling conditions at the four sites, we used temperature data from 5 days prior to each sam-
pling event at each site. Because in the month of December we sampled on the day of deploy-
ment of the data loggers, we decided not to include these data in the analyses that tested for
upwelling effects, and for that month only to evaluate differences in FA composition, CI and
GI of mussels among sites (see details below). To test for differences in temperature among
sites over time we ran an analysis of variance (ANOVA) with a mixed model design consisting
of the factors: month (three levels, fixed and crossed with the other factors), upwelling (two lev-
els, fixed and crossed with month) and site (two levels, random and nested in upwelling). In
the event of significant results, Tukey HSD post hoc tests were performed. The violation of
homogeneity of variances was considered to be acceptable because ANOVA is relatively robust
to heterogeneous variances for large designs such as the one in this study [45]. Analyses were
performed using STATISTICA v12 (StatSoft).

Fatty acids. To investigate the FA composition of mussels and SPM in relation to upwell-
ing, we used the categorization of upwelling and non-upwelling conditions based on the tem-
perature logger results, which indicated upwelling only at sites 1 and 3 and only in February.
For June and July, all sites were considered as representing non-upwelling conditions (see
Results and Table A in S1 File). Thus we evaluated the effect of upwelling for the month of Feb-
ruary only, using a mixed model design consisting of the factors: upwelling (two levels, fixed
and crossed with tissue), site (two levels, random and nested in upwelling), and tissue (two lev-
els, fixed and crossed with all the other factors). To test for differences among sites in June and
July, we used a similar design without the factor upwelling, as conditions at all sites were con-
sidered to be non-upwelling. For this analysis, the factors were: site (four levels, random and
crossed with month and tissue), month (two levels, random and crossed with site and tissue)
and tissue (two levels, fixed and crossed with site and month). With the present tools we were
not able to assess whether upwelling occurred in December or at which sites, thus we decided
to analyse this month separately from the others and we only tested for the factor site (four lev-
els, random). Similarly, the experimental design to test for FA differences in SPM in February
comprised the factors: upwelling (two levels, fixed) and site (two levels, random and nested in
upwelling). The design for the SPM in June and July consisted of the factors: site (four levels,
random and crossed with month) and month (two levels, random and crossed with site); while
in December the analysis comprised only the factor site (four levels, random). A Multivariate
Permutation Analysis [46] of Bray-Curtis dissimilarities was used to assess differences among
factors. Each term in the analysis was tested using> 9999 permutations as the relevant permut-
able units [47]. We used Principal Component Analysis (PCA), of square root transformed
data, to explore differences in FA signatures among specimens [48]. For clarity, in the eigenvec-
tor plot we show only FA which had a coefficient higher than 0.5 for one of the axes. The com-
bined results of the PCA and SIMPER (similarity percentage, PRIMER) were used to identify
the FA responsible for differences among groups of samples, as the number of FA used (vari-
ables) was important and sometimes difficult to interpret based only on the PCA. Only FA
forming more than 1% of TFA were included in the analyses (i.e. 31 FA used). The analyses
were conducted using the PRIMER v6 and PERMANOVA+ [48,49].

Condition Index and Gonad Index. Two-way ANOVA was used to test for an effect of
upwelling on the CI ofM. galloprovincialis in February. This included the factors: upwelling
(two levels, fixed) and site (two levels, random and nested in upwelling). A second design was
used to evaluate significant differences in CI of specimens among sites for June and July con-
sisting of: month (two levels, random) and site (four levels, random); while a third design was
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used for December which comprised the factor site only (four levels, random). The same
designs were used to test for significant effects on the GI of specimens used for the FA analyses.
The violation of homogeneity of variances was considered to be acceptable because ANOVA is
relatively robust to heterogeneous variances for large designs such as the one used in this study
[45].

Results

Upwelling characterization
Onshore water temperature showed pronounced variability over the study period and marked
differences among sites (Fig 2). From December to February conditions at the upwelling sites 1
and 3 (Llandudno and Paternoster) were colder than at their downstream sites 2 and 4 (Blou-
bergstrand and Elandsbaai; ANOVA, p< 0.01) by an average of 4.3 and 2.4°C respectively.
ANOVA showed no significant differences among sites in June and July (p> 0.05). Periods of
cooling events occurred at all sites, but with differences between the two categories of sites dur-
ing the upwelling season. Sites 1 and 3 experienced three and six events of strong upwelling,
respectively. One of these was protracted, running from 31st Dec and involving low tempera-
tures (10–12°C) that lasted until the 13th of February (ΔT 8°C) at site 1 and until 30th of January
(ΔT 5°C) at site 3. The other upwelling events were shorter (6–10 days) and less intense (ΔT
5°C), occurring in February and March. At sites 2 and 4, cooling events involved a drop in tem-
perature of about 4°C with the exception of site 4, where a decrease of 6 and then 7°C was
observed on the 31st December and 16th February, respectively. These events were less pro-
longed compared to upwelling events. Based on these analyses we confirmed the occurrence of
upwelling at sites 1 and 3 (identified a priori as upwelling sites) in February, with no upwelling
during winter (June and July) at these sites or at the non-upwelling sites, 2 and 4, in any sam-
pling month. The protracted period of low seawater temperature that was observed at site 1 in
January/ February suggested that upwelling occurred throughout the period of time prior the
sampling event in February. Thus, we decided to classify site 1 as an upwelling site for the Feb-
ruary collection. Additionally, these results allowed us to treat all the sites as experiencing non-
upwelling conditions during winter (see Table A in S1 File). The lack of information on water
temperature prior to sampling in December, due to the deployment of the data loggers on the
same day as sample collection, did not allow us to categorize sites in either upwelling or non-
upwelling. Thus, the samples for December were not tested for upwelling effects.

Fatty acid composition
Food source. No effect of upwelling on the SPM was found in this study, however PER-

MANOVA showed a significant effect of month and the interaction between month and site
for June and July (both p< 0.01) and significant site effects in both December and February.
Generally, SPM had higher proportions of saturated FA (SFA, 40–60%) than monounsaturated
FA (MUFA, 20–45%) and polyunsaturated FA (PUFA, 10–25%) in all months (Table 1). The
main SFA were represented by 16:0 (14–33%), followed by 18:0 (6–15%) and 14:0 (3–10%).
The MUFA with the highest values were 18:1w9 (3–26%), 18:1w7 (1–11%) and 16:1w7 (12–
12%), while among PUFA, only 18:2w6 and 20:3w3 counted for more than 5% of TFA at any
specific site or sampling event (Table 1). Despite PERMANOVA highlighted dissimilarities,
PCA and SIMPER showed no obvious pattern among sites (S1 Fig). Importantly, the differ-
ences observed in SPM did not correspond to the pattern observed in consumer tissues.

Consumers. A total of 28 and 29 FA contributing> 1% to TFA were found in the adduc-
tor muscles and the gonads respectively, but their compositions differed (Tables B and C in S1
File). The major FA found in adductor muscles were 16:0 (18–23%), 18:0 (5–7%), 22:2 Non-
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Fig 2. Mean daily in situ sea temperatures at four sites on the South African west coast derived from onshore
loggers for the duration of the investigation. The arrows indicate the four sampling events. Upwelling events were
defined by a daily decline in mean temperature (ΔT) of� 5°C.

doi:10.1371/journal.pone.0161919.g002
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Table 1. Total fatty acid composition of suspended particulate matter (SPM) collected during a) December and February and b) June and July
across four sites along the South African west coast. The values are percentages expressed as mean ± standard deviation (n = 3 per site).

A

December February

1 2 3 4 1 2 3 4

14:0 5.28 ± 1.22 5.93 ± 0.54 3.90 ± 0.34 3.89 ± 1.04 3.06 ± 0.13 3.28 ± 1.09 3.04 ± 0.07 2.75 ± 1.00

14:1w5 0.99 ± 0.95 1.04 ± 1.12 0.29 ± 0.26 0.44 ± 0.36 0.21 ± 0.26 0.74 ± 0.82 1.53 ± 0.27 0.61 ± 0.23

16:0 20.82 ± 5.28 26.49 ± 2.33 33.01 ± 1.32 33.09 ± 0.86 20.01 ± 7.17 19.21 ± 1.41 22.41 ± 0.53 17.34 ± 5.80

16:1w7 6.36 ± 4.87 11.58 ± 1.66 2.65 ± 0.68 3.22 ± 1.68 4.01 ± 0.89 2.68 ± 0.27 6.19 ± 0.07 1.31 ± 0.53

16:1w5 3.55 ± 2.61 0.33 ± 0.21 1.84 ± 1.02 2.91 ± 0.83 0.76 ± 0.61 3.04 ± 2.07 1.96 ± 0.42 6.19 ± 1.81

17:1w7 0.77 ± 0.59 1.22 ± 0.35 0.38 ± 0.02 0.49 ± 0.21 0.46 ± 0.14 0.30 ± 0.18 0.62 ± 0.14 0.82 ± 0.36

18:0 11.36 ± 3.80 8.92 ± 1.26 11.22 ± 1.54 9.06 ± 1.46 14.43 ± 7.45 9.77 ± 4.85 7.08 ± 0.73 7.74 ± 2.24

18:1w9 9.55 ± 3.35 18.78 ± 8.83 20.07 ± 8.26 26.32 ± 4.84 18.44 ± 16.74 16.87 ± 4.26 22.23 ± 1.57 11.11 ± 4.30

18:1w7 3.31 ± 2.19 1.69 ± 2.07 4.28 ± 4.56 0.91 ± 0.22 10.44 ± 10.28 2.30 ± 0.69 2.27 ± 2.02 3.94 ± 0.61

18:1w5 0.99 ± 0.58 0.76 ± 0.13 0.74 ± 0.34 0.57 ± 0.17 0.42 ± 0.21 0.24 ± 0.07 0.62 ± 0.02 1.99 ±1.75

18:2w6 1.34 ± 0.51 2.12 ± 1.28 2.35 ± 1.07 2.89 ± 0.77 8.12 ± 4.91 5.69 ± 3.34 9.60 ± 0.42 2.02 ± 0.54

18:4w3 1.22 ± 1.05 0.91 ± 1.57 0.76 ± 0.48 0.82 ± 0.51 0.04 ± 0.08 2.87 ± 1.06 2.24 ± 0.71 4.99 ± 2.15

20:0 1.46 ± 1.32 0.69 ± 0.21 1.18 ± 0.04 1.16 ± 0.26 1.76 ± 2.53 0.96 ± 0.79 0.60 ± 0.23 2.03 ± 2.58

20:1w11 4.50 ± 7.62 1.03 ± 0.68 0.52 ± 0.09 0.94 ± 0.61 6.02 ± 9.47 4.37 ± 4.02 2.88 ± 0.37 3.13 ± 2.35

20:1w9 3.60 ± 2.03 1.97 ± 1.08 1.35 ± 0.82 0.95 ± 0.19 2.43 ± 3.30 3.99 ± 1.29 1.03 ± 1.66 5.62 ± 3.90

20:1w7 1.18 ± 1.22 0.80 ± 0.60 0.34 ± 0.33 0.64 ± 0.33 1.85 ± 2.10 0.17 ± 0.23 0.17 ± 0.29 0.54 ± 0.48

20:3w3 1.97 ± 2.20 1.20 ± 0.67 1.65 ± 0.94 0.74 ± 0.38 0.63 ± 0.26 3.54 ± 2.76 2.36 ± 0.66 5.84 ± 1.99

20:5w3 4.84 ± 4.31 0.25 ± 0.27 1.04 ± 0.74 1.89 ± 1.31 0.33 ± 0.54 4.25 ± 3.94 1.24 ± 0.14 2.10 ± 0.93

22:0 0.91 ± 1.18 0.50 ± 0.07 0.76 ± 0.40 0.42 ± 0.03 0.45 ± 0.26 3.41 ± 2.48 0.54 ± 0.06 6.00 ± 1.83

22:1w9 3.80 ± 2.37 2.68 ± 0.52 3.14 ± 1.36 1.69 ± 1.19 1.35 ± 0.58 4.15 ± 2.43 2.51 ± 0.57 1.60 ± 1.38

22:2w6 2.23 ± 2.98 2.27 ± 3.50 0.38 ± 0.66 0.66 ± 0.75 0.66 ± 0.48 0.61 ± 0.49 0.78 ± 0.14 1.17 ± 0.38

22:5w3 2.26 ± 2.74 1.39 ± 0.81 2.03 ± 1.14 1.51 ± 0.83 0.85 ± 0.42 3.72 ± 1.25 1.91 ± 0.54 4.53 ± 1.27

22:6w3 2.60 ± 1.67 2.14 ± 2.31 2.99 ± 1.04 1.29 ± 0.39 0.97 ± 0.81 1.70 ± 1.03 1.29 ± 0.23 2.89 ± 1.10

BAME 5.12 ± 2.83 5.31 ± 0.83 3.11 ± 0.70 3.51 ± 1.87 2.30 ± 0.69 2.15 ± 1.05 4.88 ± 0.24 3.76 ± 1.84

ΣSFA 44.95 ± 3.03 47.84 ± 3.11 53.19 ± 0.40 51.13 ± 2.25 42.01 ± 7.93 38.77 ± 6.64 38.55 ± 0.44 39.61 ± 7.58

ΣMUFA 38.60 ± 6.58 41.88 ± 2.05 35.60 ± 1.37 39.07 ± 2.15 46.40 ± 5.56 38.85 ± 3.44 42.02 ± 1.55 36.85 ±2.33

ΣPUFA 16.45 ± 3.59 10.28 ± 4.95 11.21 ± 1.23 9.80 ± 2.03 11.60 ± 4.85 22.38 ± 3.53 19.43 ± 1.52 23.53 ±5.37

B

June July

1 2 3 4 1 2 3 4

14:0 3.87 ± 0.89 10.50 ± 0.48 7.96 ± 2.50 6.84 ± 0.40 4.75 ± 0.89 3.34 ± 0.48 2.72 ± 1.14 2.89 ± 0.55

14:1w5 0.18 ± 0.27 0.67 ± 0.20 0.53 ± 0.31 0.72 ± 0.33 0.45 ± 0.27 0.49 ± 0.20 0.21 ± 0.14 0.50 ± 0.25

16:0 29.17 ± 5.55 31.73 ± 3.47 28.95 ± 5.26 31.35 ± 2.35 28.40 ± 5.55 14.12 ± 3.47 20.02 ± 17.55 17.17 ± 2.96

16:1w7 4.23 ± 2.00 1.43 ± 1.15 2.44 ± 1.95 6.44 ± 6.65 3.99 ± 2.00 3.09 ± 1.15 8.25 ± 9.43 1.56 ± 0.39

16:1w5 1.51 ± 2.58 1.93 ± 0.47 2.03 ± 2.20 1.35 ± 1.17 5.45 ± 2.58 5.36 ± 0.47 4.05 ± 0.87 4.19 ± 0.65

17:1w7 0.28 ± 0.04 0.31 ± 0.09 0.44 ± 0.39 0.96 ± 1.17 0.15 ± 0.04 0.25 ± 0.09 0.29 ± 0.16 0.31 ± 0.32

18:0 5.98 ± 3.15 12.42 ± 1.51 10.68 ± 3.96 14.76 ± 7.56 12.50 ± 3.15 8.19 ± 1.51 15.01 ± 5.78 7.30 ± 4.11

18:1w9 18.13 ± 2.50 12.26 ± 1.97 10.28 ± 10.11 2.82 ± 2.67 12.95 ± 2.50 9.66 ± 1.97 10.20 ± 3.03 12.24 ± 4.18

18:1w7 3.08 ± 1.47 3.15 ± 0.22 5.22 ± 2.63 2.52 ± 1.68 5.29 ± 1.47 4.31 ± 0.22 4.36 ± 0.12 9.56 ± 8.02

18:1w5 1.78 ±1.75 0.07 ± 1.65 1.66 ± 1.01 0.57 ± 0.75 3.61 ± 1.75 3.79 ± 1.65 3.42 ± 1.12 2.78 ± 1.90

18:2w6 3.26 ± 1.01 2.25 ± 2.76 1.73 ± 1.47 0.84 ± 0.69 3.74 ± 1.01 9.63 ± 2.76 4.40 ± 3.62 22.06 ± 2.83

18:4w3 3.61 ± 2.75 0.77 ± 0.67 0.53 ± 0.68 2.22 ± 0.75 2.17 ± 2.75 1.99 ± 0.67 2.41 ± 1.84 1.08 ± 0.64

20:0 7.25 ± 1.55 1.32 ± 3.18 1.82 ± 1.26 1.75 ± 0.38 1.87 ± 1.55 4.43 ± 3.18 1.25 ± 0.16 2.98 ± 2.10

20:1w11 3.21 ± 0.04 0.69 ± 1.40 1.87 ± 0.44 0.79 ± 0.23 0.52 ± 0.04 3.08 ± 1.40 3.01 ± 2.32 1.23 ± 0.54

(Continued)
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methylene-interrupted FA (NMI; 4–5%), 20:2NMI1 (5–7%), 20:5w3 (10–13%) and 22:6w3
(12–20%); while those in gonad tissues were 16:0 (20–23%), 16:1w7 (3–7%), 18:0 (3–7%),
20:5w3 (12–27%) and 22:6w3 (10–26%).

The main source of difference amongst all samples was between the two types of tissues
(PERMANOVA, p< 0.001). SIMPER highlighted that the main differences between the tissues
were due to higher proportions of 18:1w9, diatom trophic markers (TM, 16:1w7 and 20:5w3)
and dinoflagellate TM (18:4w3 and 22:6w3) in gonads; and higher proportions of 18:0, 20:0,
20:2NMI1, 20:4w6 and 22:2NMI1 in the adductor muscles, explaining 55% of the FA differ-
ences between the two tissues (S2 Fig). Gonads also showed a higher proportion of essential FA
(EFA; 46% of TFA) than muscles (26–35% of TFA) at all sites and across all months. In partic-
ular, gonads had twice the proportion of 20:5w3 compared to the adductor muscles. Consider-
ing the strong dissimilarities between gonads and adductor muscles, the FA compositions of
these tissues were investigated separately in the remaining analyses.

Consumers: adductor muscle. Adductor muscle samples were characterized by high pro-
portions of PUFA throughout the year (48–57%), followed by SFA (31–42%) and MUFA (10–
16%; Table 2). PERMANOVA showed that in December the factor site was significant
(Table 3), indicating that the FA signatures of the mussels differed across sites. Similarly, dur-
ing the month of February, the only source of variation among muscle samples was the factor
site, with no significant effect of the factor upwelling (Table 3).

In December, sites 1 and 2 were different from each other and from all the other sites (PER-
MANOVA post hoc pair-wise test, p< 0.05) by being characterized by SFA, 20:4w6 and
22:2w6 in the case of site 1, while site 2 had high percentages of diatom TM and 22:2NMI1.
Sites 3 and 4 did not differ from each other and they exhibited a high proportion of 18:1w9,
dinoflagellate TM and 20:1w11. These FA contributed to 55% of the dissimilarity among sites
(SIMPER).

In February, only the two non-upwelling sites, 2 and 4, were significantly different from
each other, while sites 1 and 3 did not differ (PERMANOVA post hoc pair-wise test and PCA).
SIMPER showed that sites 1, 2 and 3 had higher proportions of 14:0 and diatom TM than site 4
(20% of TFA), which was enriched in, 20:2NMI1, 22:2w6 and 20:4w3 (17% of TFA; Table B in
S1 File). This is partially in agreement with the ratio 20:5w3/ 22:6w3, which discriminates

Table 1. (Continued)

20:1w9 1.55 ± 0.24 0.85 ± 2.27 1.30 ± 0.85 1.20 ± 1.29 0.37 ± 0.24 4.14 ± 2.27 1.77 ± 0.53 0.79 ± 0.09

20:1w7 0.38 ± 0.43 0.22 ± 1.36 0.60 ±0.22 1.53 ± 1.86 0.39 ± 0.43 3.07 ± 1.36 0.63 ± 0.62 0.69 ± 0.67

20:3w3 0.57 ± 0.49 0.95 ± 0.42 0.87 ± 0.78 0.95 ± 1.09 0.66 ± 0.49 0.67 ± 0.42 0.75 ± 0.32 0.33 ± 0.13

20:5w3 1.54 ±0.56 1.40 ± 2.49 1.60 ± 0.57 1.33 ± 1.01 1.03 ± 0.56 3.48 ± 2.49 1.66 ± 0.77 1.49 ± 0.45

22:0 1.38 ± 0.10 2.12 ± 0.01 3.00 ± 1.96 1.00 ± 0.14 0.67 ± 0.10 0.48 ± 0.01 0.42 ± 0.15 1.25 ± 1.22

22:1w9 1.96 ± 2.04 4.00 ± 2.56 2.86 ± 1.63 2.27 ± 3.28 2.40 ± 2.04 4.54 ± 2.56 2.92 ± 1.75 2.04 ± 0.73

22:2w6 0.26 ± 0.11 1.14 ± 0.27 1.21 ± 0.67 1.86 ± 2.19 0.37 ± 0.11 1.02 ± 0.27 0.41 ± 0.11 0.29 ± 0.30

22:5w3 0.95 ± 0.47 1.25 ± 1.30 2.92 ± 1.42 2.14 ± 1.83 1.30 ± 0.47 1.52 ± 1.30 0.71 ± 0.29 0.49 ± 0.20

22:6w3 1.96 ± 0.57 2.48 ± 1.66 3.34 ± 2.30 2.64 ± 2.24 1.19 ± 0.57 2.62 ± 1.66 2.03 ± 0.74 1.19 ± 0.24

BAME 3.90 ± 0.68 6.10 ± 2.29 6.16 ± 2.56 11.14 ± 7.16 5.78 ± 0.68 6.72 ± 2.29 9.09 ± 5.60 5.60 ± 1.54

ΣSFA 51.56 ± 6.17 64.20 ± 6.90 58.56 ± 8.55 66.85 ± ## 53.98 ± 6.17 37.29 ± 6.90 48.52 ± 16.53 37.19 ± 7.68

ΣMUFA 36.29 ± 9.30 25.56 ± 6.11 29.25 ± ### 21.16 ± ## 35.56 ± 9.30 41.79 ± 6.11 39.11 ± 13.89 35.89 ± 5.05

ΣPUFA 12.15 ± 3.51 10.24 ± 8.31 12.19 ± 4.93 11.99 ± 9.07 10.46 ± 3.51 20.92 ± 8.31 12.37 ± 3.10 26.92 ±2.77

Only FA > 1% are displayed. PUFA = Polyunsaturated Fatty Acids, MUFA = Monounsaturated Fatty Acids, SFA = Saturated Fatty Acids, BAME = Bacterial

Fatty Acids.

doi:10.1371/journal.pone.0161919.t001
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Table 2. Multiple mean comparisons of the main fatty acid trophic markers of the adductor muscle and gonad ofMytilus galloprovincialis among
the four sites in a) December and February and b) June and July. The values for ΣSFA, ΣMUFA, ΣPUFA and ΣEFA are percentages expressed as
mean ± standard deviation (n = 6 per site).

A

December February

1 2 3 4 1 2 3 4

Adductor muscle

ΣSFA 34.53+1.06 35.02+0.67 34.07+1.54 34.78+0.97 33.00+1.20 33.29+0.32 31.44+2.19 31.67+1.29

ΣMUFA 10.88+0.97 10.15+0.72 11.85+2.31 11.76+1.14 16.33+2.59 15.17+2.19 12.76+2.42 10.82+2.34

ΣPUFA 54.59+1.24 54.83+0.86 54.07+2.63 53.46+1.18 50.67+2.22 51.54+2.11 55.81+3.84 57.52+3.51

ΣEFA 32.91+0.66 33.47+1.25 36.76+2.60 33.80+2.69 30.08+2.16 29.20+3.03 33.67+2.34 26.61+1.53

20:5w3/22:6w3 0.73 0.85 0.59 0.66 1.02 1.22 0.63 0.73

Gonad

ΣSFA 34.82+3.15 31.00+2.48 34.54+2.76 31.78+2.00 31.61+2.54 33.58+1.67 33.76+5.40 31.76+1.24

ΣMUFA 13.66+4.63 15.14+2.76 11.02+4.96 17.72+4.82 18.40+4.69 15.46+4.18 12.13+5.02 17.97+3.74

ΣPUFA 51.52+3.15 53.86+2.36 54.44+4.93 50.51+4.14 49.99+3.19 50.96+3.74 54.11+1.85 50.27+3.70

ΣEFA 40.11+5.12 40.96+2.91 45.07+8.36 36.95+4.52 37.65+4.06 39.54+4.95 41.30+4.74 36.39+3.38

20:5w3/22:6w3 1.77 1.74 0.58 1.23 1.73 2.84 0.66 1.49

B

June July

1 2 3 4 1 2 3 4

Adductor muscle

ΣSFA 35.80+2.26 34.82+1.21 35.72+2.49 37.40+3.00 41.42+6.98 35.16+1.48 37.22+4.28 38.00+4.46

ΣMUFA 11.98+1.58 11.77+1.29 12.24+2.31 10.63+0.93 10.60+0.52 11.66+2.18 11.52+2.44 11.84+1.97

ΣPUFA 52.23+1.74 53.41+0.76 52.04+1.26 51.97+3.59 47.98+6.85 53.18+2.49 51.26+2.88 50.16+3.63

ΣEFA 33.31+3.01 35.89+2.37 35.91+1.39 33.77+2.84 28.34+7.87 35.94+4.13 35.89+3.99 31.60+3.43

20:5w3/22:6w3 0.80 1.26 0.61 0.49 0.76 1.15 0.61 0.52

Gonad

ΣSFA 30.96+1.90 32.18+1.18 33.04+2.12 33.02+0.65 31.16+7.09 34.40+2.70 34.11+1.67 32.67+1.38

ΣMUFA 14.39+3.69 14.64+2.64 16.37+3.84 12.66+3.14 13.51+2.68 12.24+3.82 10.94+3.24 13.09+3.39

ΣPUFA 54.65+2.94 53.18+2.28 50.58+4.18 54.32+3.19 55.33+4.55 53.37+1.48 54.95+1.67 54.23+2.75

ΣEFA 42.43+4.32 40.16+1.95 39.48+4.78 41.63+4.33 40.41+2.60 41.66+3.13 46.56+4.36 40.49+4.79

20:5w3/22:6w3 1.27 1.68 0.61 0.49 1.12 1.48 0.68 0.57

Only FA > 1% were used for the analyses. PUFA = Polyunsaturated Fatty Acids, MUFA = Monounsaturated Fatty Acids, SFA = Saturated Fatty Acids,

EFA = Essential Fatty Acids (20:4w6, 20:5w3 and 22:6w3).

doi:10.1371/journal.pone.0161919.t002

Table 3. PERMANOVA results on the fatty acid composition of the adductor muscles ofMytilus galloprovincialis at four sites and across four
month on the South African west coast.

December February June- July

df MS Pseudo-F p df MS Pseudo-F p df MS Pseudo-F p

Si 3 74.09 4.40 0.000 *** Up 1 173.65 1.01 0.669 Month 1 40.08 1.23 0.282

Res 20 16.84 Si (Up) 2 171.47 7.01 0.000 *** Si 3 268.35 8.24 0.000 ***

Res 20 24.454 Month x Si 3 33.21 1.02 0.439

Res 40 32.58

Up = Upwelling, Si = Site, df = degrees of freedom, MS = mean square;

* p < 0.05;

** p < 0.01;

*** p < 0.001.

doi:10.1371/journal.pone.0161919.t003
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between diatoms (> 1) and dinoflagellates (< 1) ([50,51]) and indicated a predominance of
diatoms in mussel diets (values> 1) in February at sites 1 and 2.

For June and July, PERMANOVA highlighted a significant effect of the factor site only
(Table 3). All sites were different from each other in both months, with the exception of sites 1
and 4 which did not differ. As for December, specimens at site 2 were typified by diatom TM,
site 3 by dinoflagellate TM, while sites 1 and 4 were characterized by 18:1w9, 20:1w9, 20:2NMI1,
20:4w6 and 22:2w6 (SIMPER, Fig 3). The ratio 20:5w3/ 22:6w3 again showed a dominance of
dinoflagellates at all sites with the exception of site 2 in June and July when it was diatom
dominated.

Consumers: gonad. As for the adductor muscle, gonad FA compositions included a high
proportion of PUFA at all sites and months (50–55% of TFA), followed by SFA (30–35%) and
MUFA (10–15%; Table 2). The 20:5w3/22:6w3 ratio was variable among sites: at sites 1 and 2
the ratio was> 1 across all months; at site 3 it was< 1, while at site 4 it was> 1 during the
summer months and decreased to< 1 in the winter period. PERMANOVA showed that the
only significant factor for the analyses performed was site, with no effect of upwelling in Febru-
ary, indicating that patterns in the FA composition of gonads differed across sites and that
these differences remained constant among months (Table 4). Axes 2 of the PCA showed a par-
tial separation between samples of sites 1–2 and sites 3–4 in December, February and June-
July (S3 Fig). This pattern was not confirmed by the PERMANOVA pairwise test, however,
which showed that only sites 3 and 4 did not differ from each other in all months (p> 0.05).
Thus sites were different among each other, however, we could not identify a clear pattern of
separation (S3 Fig).

Indices
Condition Index. Month did not affect CI in winter, nor did upwelling have a significant

effect in February (ANOVA, p> 0.05 for both analyses), however, there were significant effects
of the factor site in all analyses (ANOVA, p< 0.001) and the interaction between site and
month in June-July (ANOVA, p< 0.05). Tukey HSD tests showed that site 1 had the lowest CI
(4.05 ± 1.20; p< 0.001, Fig 4a), while site 2 had CI values that were intermediate between those
of site 1 and sites 3–4. These latter sites were statistically different only in December, when CI
values at site 3 were significantly higher than at the other three sites (12.80 ± 3.20; p< 0.01). In
addition, CI at site 2 increased from the summer to the winter months (5.55 ± 1.9–9.05 ± 2.70).
The results indicate a clear south-north gradient of increasing CI from sites 1 to 3, followed by
a decrease at site 4, a pattern that was consistent across all months.

Gonad Index. The three analyses indicated that the only significant effects were of site and
its interaction with month in the winter months (ANOVA, p< 0.01 for all analyses), with no
upwelling effect in February. In December, GI at site 3 was significantly higher than the other
three sites (Tukey HSD, p< 0.05), which did not differ from each other. In February and June
the four sites did not differ (Tukey HSD, p> 0,05), while in July sites 3 and 4 had higher GI
values than sites 1, and site 2 was not different from the other sites (Tukey HSD, p< 0.01; Fig
4b). Although differences among sites were not always significant, the spatial pattern was iden-
tical to that for CI, with a trend of increasing values from site 1 to site 3 followed by a slight
decrease at site 4.

Discussion
Using FA techniques, we aimed to assess the effects of upwelling on the dietary signatures of
benthic filter feeders in the Benguela upwelling region, by comparing sites that are considered
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Fig 3. PCA conducted on the adductor muscles ofMytilus galloprovincialis collected at rocky shore sites, on the South
African west coast in a) December, c) February e) June and July. Each symbol represents a single replicate. b, d, f)
Eigenvalues for each of the factors (fatty acids). The circle corresponds to eigenvalues of −1 to 1. For clarity, only fatty
acids with eigenvalues > 0.5 are shown.

doi:10.1371/journal.pone.0161919.g003

Upwelling Effects on Benthic Filter Feeders

PLOS ONE | DOI:10.1371/journal.pone.0161919 August 29, 2016 13 / 23



to be strong upwelling centres with downstream sites, which may be influenced only indirectly
by upwelling.

The temperature loggers confirmed the categorisation of sites 1 and 3 as upwelling centres
[37], but with upwelling occurring only during summer, predominantly in January and Febru-
ary, as previously shown [34,19] and in situ temperatures indicated non-upwelling conditions
at all sites during the winter sampling months from April to July. Throughout summer, from

Table 4. PERMANOVA results on the fatty acid compositions of gonads ofMytilus galloprovincialis at four sites and across four month on the
South African west coast in relation to the different factors.

December February June- July

df MS Pseudo-F p df MS Pseudo-F P df MS Pseudo-F p

Si 3 267.79 2.96 0.004 ** Up 1 188.08 0.82 1 Month 1 121.41 2.32 0.070

Res 20 90.479 Si (Up) 2 228.69 4.53 0.004 ** Si 3 355.57 6.79 0.000 ***

Res 20 50.512 Month x Si 3 64.39 1.23 0.273

Res 38 52.34

Up = Upwelling, Si = Site, df = degrees of freedom, MS = mean square;

* p < 0.05;

** p < 0.01;

*** p < 0.001.

doi:10.1371/journal.pone.0161919.t004

Fig 4. a) Condition Index and b) Gonad Index ofMytilus galloprovincialis at the four sites and across the four months sampled (n = 26 and n = 6 for CI and
GI, respectively). Sites are arranged from south to north (left to right). Values are means, the error bars indicate standard deviations. Letters indicate
homogenous groups within months (p > 0.05).

doi:10.1371/journal.pone.0161919.g004
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December to March, the upwelling sites were colder and were characterized by frequent,
intense upwelling events, with drops in mean daily temperatures of as much as 8°C. Site 2
clearly behaved as a non-upwelling site, while site 4 had temperatures that were on average
higher than at the upwelling sites, but it did experience two weak upwelling events during the
study. This reflects the inter-annual variability in upwelling frequency and intensity that has
been shown for the Benguela and other upwelling systems [52,53].

We anticipated a stronger diatom FA signature at upwelling sites than at downstream sites,
and expected the difference to be even more pronounced during the upwelling season. The
SPM data did not support this hypothesis, with no differences in the SPM FA composition
among sites or sampling events. SPM is an instantaneous measure, however, reflecting the FA
composition of the food available for filter feeders at the moment of the sampling, while the FA
turn-over rate in mussels is approximately one month [35]. Consequently, the SPM collected
on the same day as the mussels does not necessary represent what the organisms were feeding
on a few days/weeks before. We did not, therefore, expect a strong link between the FA compo-
sition of the SPM and the mussels, but we did expect some differences in the SPM signatures in
relation to upwelling. The spatial and temporal homogeneity of the SPM even when tempera-
ture data indicated the occurrence of upwelling, was unexpected and suggests either that
upwelling influenced SPM conditions in a homogeneous way across the study region, or that
changes in primary producers were too rapid to be detected with our approach.

Although there was a predominance of phytoplankton in the diets of our specimens, the
results for adductor muscle indicated idiosyncrasy among sites, with no significant effect of
upwelling. Specimens from site 3 were characterized by dinoflagellate TM throughout the
investigation, and the ratio of 20:5w3/22:6w3 indicated a generally higher contribution of dino-
flagellates than diatoms (ratio< 1 [50,51]) at sites 1, 3 and 4, while the presence of diatom TM
in all months and a ratio of> 1 in all sampling events indicated a predominance of diatoms in
the diets of mussels at site 2. The presence of the cold, nutrient-rich Benguela Current on the
South African west coast promotes high primary production dominated by phytoplankton
[32,54,55], explaining the strong phytoplankton FA signatures at all sites observed forM. gallo-
provincialis. Gonad has rapid turnover rates, so that its FA signatures change more rapidly
than those of the more conservative adductor muscle [56]. Gonad showed marked variability
in the 20:5w3/22:6w3 ratio and in the FA composition among sites and months, but in this
case, there was no clear pattern.

Although both CI and GI showed strong variability among sites, with no significant effects
of the factors upwelling or month, both exhibited a marked geographic gradient. In all months,
values for both indices increased from south to north, from site 1 to site 3, slightly dropping at
site 4, with site 1 showing the lowest CI across all months and site 3 the highest. This pattern is
intriguing as temperature data indicated strong upwelling at site 1 during summer, and we
expect higher phytoplankton concentrations during upwelling events [7,57]. The low CI sug-
gests, however, that the conditions at this site were less favourable forM. galloprovincialis than
at the other sites. The low water temperatures experienced by animals at site 1 are unlikely to be
responsible for the low CI measured. The average seawater temperature for the study period
was approximately 13–15°C with minimum values down to 9–10°C. Some studies have shown
that temperatures< 13°C are suboptimal forM. galloprovincialis [58,59], but another showed
that the thermal limits of this species were between 5–27°C [60].M. galloprovincialis is well rep-
resented in the intertidal zone of the west coast of South Africa; it has displaced the indigenous
species to become the dominant mussel along this coast [61] and is well-adapted to cold envi-
ronments [62,60]. More plausibly, the results may reflect low food availability at this site as has
been observed in other systems [63,64]. Field et al [65] conducted daily measurements for 30
days at a site just 2 km from our site 1 and showed low nearshore chlorophyll a concentrations
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during upwelling driven by strong offshore winds. Consequently, phytoplankton blooms sup-
ported by this nutrient injection develop over the course of several days farther offshore and are
advected to downstream areas. In contrast, the non-upwelling site 4 had CI values comparable
to site 3, which had the highest CI on three of the four sampling events. This presumably
reflects topographic effects, as site 4, Elandsbaai, is located in a bay, where chlorophyll a and
mussel growth are likely to be greater due to retention of particles [66]. CI thus seems to reflect
not just the effects of upwelling on primary production, but the effects of local hydrodynamics
which determine whether enhanced productivity is retained near or advected away from sites.

GI showed an identical pattern to CI, but values at site 1 were comparable to the other sites.
This suggests that animals at site 1 invested as heavily in reproduction as the other populations
despite experiencing unfavourable conditions and low CI values. Investment in reproduction
has been shown to be independent of body condition and feeding regime in other invertebrates
such as clams [67] and squid [68]. Importantly the GI in mussels is closely related to the repro-
ductive phase: the GI will be low if an individual has just spawned and high if it is collected
immediately before spawning. According to van Erkom Schurink & Griffiths [69],M. gallopro-
vincialis in South Africa has a peak spawning period in summer (November- December) and
one in winter (April- June), though the timing of mussel spawning can change markedly [70].
Although we have no information on the reproductive state of the sampled populations or
whether they were reproductively synchronised, the results were consistent across the months
sampled, indicating consistency in the pattern observed.

The clearest results highlighted strong differences in the FA compositions of gonad and the
more stable adductor muscle tissues, with gonad showing a higher proportion of EFA (i.e.
20:4n-6, 20:5n-3 and 22:6n-3; [71]) across all months and sites. EFA are critical for the mainte-
nance of cell membrane structure and function. They are also precursors of bioactive com-
pounds that are essential for survival, growth and reproduction [72,73], however they cannot
be synthetized de novo in sufficient quantities and must be acquired through the diet [74,75].
Previous studies have suggested preferential retention of specific FA in the gonad, in order to
ensure reproduction and to improve offspring survival [76–78]. Increased concentrations of
specific FA in the gonads during reproduction have been shown for a range of animals includ-
ing octopuses [79], fishes [80] and bivalves [81]. In situ temperature loggers used to identify
upwelling conditions at the four sites indicated that such events occurred only at the upwelling
centres and only in austral summer. The high proportion of EFA we found, especially of
20:5w3, suggests preferential retention of EFA in the gonads, presumably for reproductive pur-
poses. The contrast between GI and CI results supports this interpretation. Although both GI
and CI were consistently low at site 1, the differences were only significant for CI, suggesting
that investment of resources into reproduction was a priority, maintained even at the cost of
adult condition. The strong dissimilarities between gonad and muscle may also reflect the very
different turnover rates of the two tissue types, with gonad changing FA signatures faster than
adductor muscle [56,82]. Upwelling or cooling events occurred in late December-February and
adductor muscle samples from February were characterized by a high proportion of diatom
TM. This matches the one month FA turn-over period found for mussels [35], reflecting the
effects of upwelling from the previous month. However, this effect was not detectable in
gonads, which showed differences in FA signatures, but without a clear pattern.

We found no direct effect of upwelling on the FA composition of muscle or gonad tissues.
However, strong dissimilarities were found among sites which were mostly consistent across
the four months sampled. Adductor muscle at non-upwelling site 2 were characterised by dia-
tom TM, at the upwelling site 3 they were enriched in dinoflagellate TM, while at sites 1 and 4
muscle samples generally had high proportions of PUFA, though no specific FATM were iden-
tified. These results partially contradict our expectations of stronger phytoplankton TM at
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upwelling centres, with the two upwelling sites behaving in opposite ways. Site 3 conformed to
the general conception of a late stage of upwelling on three of the four sampling events, being
characterised by dinoflagellate TM (post diatom blooms), but site 1 was not typified by any dis-
tinct phytoplankton TM. Likewise, site 2, which is supposedly a downstream, non-upwelling
site, had a strong diatom signature. Similar disparities were found with the condition indices.
Site 3 had the highest CI and GI among all sites and in all months, while site 1 showed the low-
est. However, in situ temperature data indicated that, during the upwelling season, both
upwelling sites were exposed to long periods of upwelled water, while the two non-upwelling
sites, with two exceptions at site 4, experienced cooling events that were less frequent, less pro-
tracted and less intense. The effects of upwelling can be interpreted in two ways. At upwelling
sites, nutrients and particles can be upwelled close to the coast and then moved offshore with
the surface water, resulting in phytoplankton-poor waters inshore [65,83–85]. Offshore incu-
bation of these enriched waters can be followed by onshore advection (either to the same point
on the shore or farther downstream) during upwelling relaxation or downwelling. Thus, the
retention time of the newly upwelled water can be too short to allow bloom development at the
upwelling site itself, while phytoplankton blooms are detectable downstream of the upwelling
centre, so that downstream sites can exhibit higher phytoplankton concentrations than the
upwelling centres themselves. Other studies have indicated that upwelling stimulates phyto-
plankton and macrophyte growth at the site of upwelling, which suggests a very localised effect
[86,1]. In our study, the first scenario seems to apply to the comparison of sites 1 and 2, and
the second to sites 3 and 4, presumably reflecting differences in nearshore hydrodynamics in
the two regions. For instance, local hydrodynamics may result in offshore advection of water at
site 1 but retention at site 3. Although we could not classify sites as either upwelling or non-
upwelling in the month of December, the FA results conformed to expectations based on such
categorisation, showing dinoflagellate TM at site 3 and diatom TM at site 2, as a site down-
stream of site 1. This agrees with the fact that upwelling occurs during the summer months in
the Southern Benguela area and that the sites we chose a priori as upwelling or non-upwelling
sites for the comparison conformed to this classification. Our results partially contradict the
findings of Xavier et al [37]. Upwelling has long been identified as a key process influencing the
advection of planktonic larvae to/from the nearshore [87,88] and, using the same sites as us,
Xavier et al [37] found higher recruitment of the musselM. galloprovincialis at upwelling cen-
tres than at the downstream sites. The discrepancy between the two investigations may reflect
inter-annual variability in upwelling intensity and frequency as is known to occur in this area
[52,53], or may more simply indicate that nutrient levels, phytoplankton response and the
advection of mussel recruits all respond to upwelling with very different lag periods. Another
important aspect to highlight is that the differences observed among sites were consistent in
both the upwelling and non-upwelling seasons, suggesting that differences in the conditions at
these sites perpetuate across the upwelling and non-upwelling seasons.

Adductor muscle tissue had a strong phytoplankton FA signature at all sites in February,
during the upwelling season, suggesting that a very strong upwelling event occurred during the
previous weeks, as was shown by the temperature data. However, even if upwelled waters were
present only during the summer months, the tissues of mussels showed similar proportions of
PUFA-MUFA-SFA over time, indicating that the specimens were exposed to similar food in
both austral summer and winter and under both upwelling and non-upwelling conditions. The
fact that the factor upwelling was not significant in any of the analyses, suggests that the entire
study area is affected by upwelling, indicating that the influence of upwelling in the southern
Benguela system is pervasive, rather than discrete. This partially contrasts with a similar study
conducted over a larger scale with more widely separated sites on the same coast [89]. On com-
paring sites spread across larger scales (approximately 400 km of the west coast of South
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Africa), the effects of upwelling were found to be discrete, with mussels and barnacles at
upwelling sites having different FA and stable isotope signatures from specimens at non-
upwelling sites in the same biogeographic province [89]. The discrepancy between the two
studies presumably reflects their different spatial resolutions, as well as their geography. One
study was conducted over 400 km of coastline, including an area close to the Luderitz upwelling
cell in Namibia, which is characterised by frequent and intense upwelling events throughout
the year, whereas the other encompassed 200 km of coast where upwelling occurs only season-
ally [19,32,90]. Thus, depending on the spatial scale of resolution and the nature of upwelling,
its effects can be either discrete or diffuse. We tend to characterise upwelling as a binary phe-
nomenon, but clearly, the intensity and frequency of upwelling events are critical, as are the
effects of nearshore hydrodynamics, which can either retain nutrient enriched waters and the
associated primary production locally or export them to downstream areas.

Overall, we demonstrated upwelling at sites categorised a priori as upwelling centres, but
only during the upwelling season. Despite the seasonal differences in upwelling conditions at
these sites compared to the non-upwelling sites, we found no clear differences in the FA of
mussels at the two types of sites, indicating that the effects of nutrient enrichment were diffuse
across the study area. Critically, we found that upwelling centres behaved differently, presum-
ably reflecting the nature of retention and advection of upwelled water.

Supporting Information
S1 Fig. a) PCA conducted on the fatty acid composition of suspended organic matter (SPM)
collected from intertidal rocky shores at four sites during the four sampling events. Each symbol
represents a single replicate. Upwelling did not have an effect on the fatty acid signatures of
samples from February and thus we show a single PCA with the samples of all months together.
b) Eigenvalues for each of the factors (fatty acids). The circle corresponds to eigenvalues of −1
to 1. For clarity, only fatty acids with eigenvalues> 0.5 are shown.
(TIF)

S2 Fig. a) PCA conducted on the adductor muscle and gonad tissues ofMytilus galloprovincia-
lis collected at intertidal rocky shores at each site during the four sampling events. Each symbol
represents a single replicate. b) Eigenvalues of each of the factors (fatty acids). The circle corre-
sponds to eigenvalues of −1 to 1. For clarity, only fatty acids with eigenvalues> 0.5 are shown.
(TIF)

S3 Fig. PCA conducted on the fatty acid composition of gonad tissue ofMytilus galloprovin-
cialis collected from intertidal rocky shores at four sites during a) December c) February e)
June and July. Each symbol represents a single replicate. b), d) and f) Eigenvalues of each of the
factors (fatty acids). The circle corresponds to eigenvalues of −1 to 1. For clarity, only fatty
acids with eigenvalues> 0.5 are shown.
(TIF)
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