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Tidal flats are exceptionally dynamic coastal ecosystems. Tides are their main source of energy, whose influence
decreases landwards (as land elevation increases), thus shaping physical, chemical and biological gradients. In this
study, we assess whether the structure of nano- and microplankton varies along a spatial gradient in San Antonio Bay
(SAB, SW Atlantic), a semi-desert coastal ecosystem with a wide tidal flat and a macrotidal regime. We hypothesize
that the tidal effect shapes SAB’s both taxonomical groups and size spectrum. The seasonal sampling of 9 sites revealed
that diatoms and small flagellates were the most abundant groups, together accounting for over 75% of total density in
practically all sites and seasons. High densities of meroplanktonic stages of Ulva lactuca were recorded in spring at the
innermost sites, accounting for over 95% of all planktonic cells. Slopes of the size spectrum analysis were in line with
highly productive inshore waters (mean, −0.64) and showed that larger phytoplankton was the main contributor to
total biomass, despite its decreasing importance toward inner sites. The spatial and seasonal variations found for lower
trophic web compartments provide evidence of the importance of tidal transport in ruling phytoplankton structure
in tidal flats under strong macrotidal regimes.
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INTRODUCTION

Tidal flats are globally widespread and exceptionally
dynamic coastal ecosystems considered as crucial for
the subsistence of human population all around the
world (Murray et al., 2019). However, the status and some
distinctive ecological processes and their fluctuations in
the spatial and temporal scales are still poorly known for
some tidal flats of the world.

Tides and waves are the main source of energy
in coastal environments, and their influence typi-
cally decreases and increases, respectively, landwards
(Friedrichs, 2011). Particularly in coastal tidal flats, the
tidal range thrives over the typical wave height (Hayes,
1979). Tidal fluctuations produce the daily movement
of a huge amount of water mass that covers and
uncovers the intertidal surface of tidal flats and results in
environmental gradients whose characteristics depend on
ground elevation (Hinde, 1954; Traut, 2005), hydrology
(Sanderson et al., 2000; Zedler et al., 1999) and the degree
of convexity or concavity of the cross-shore profile
(Bearman et al., 2010), among other factors.

The high intertidal zone is rich in organic matter
(Tzortziou et al., 2008) and halophytic vegetation asso-
ciated with marshes. During the flooding process, tides
remove nutrients, organic matter and part of the benthic
microbial community (Negrin et al., 2011), thus increas-
ing the level of dissolved and particulate matter in the
water column. These processes respond to Odum’s (1980)
outwelling hypothesis, which postulates that coastal envi-
ronments are net exporters of matter to surrounding
maritime areas, thus enhancing its secondary production.
Their relevance depends on several interlinked factors like
the land’s slope (Taylor andAllanson, 1995), geomorphol-
ogy (Cicchetti and Diaz, 2002), the presence of dams
and/or breakwaters (Koch and Gobler, 2009), the tidal
regime and amplitude (Kwak and Zedler, 1997; Ibañez
et al., 2000) and sporadic events of torrential rains (Odum,
2002) and intense winds (McManus and Woodson, 2012),
among others.

In low wave systems, suspended particles are trans-
ported by tides from higher to lower energy areas,
namely from offshore toward the coast. In this sense,
a decrease in the abundance of suspended particle
concentrations (and in the magnitude of tidal stress) is
expected over the seabed (Friedrichs, 2011). A shift in
the size spectrum of suspended particles is also expected
landwards, with a progressive impoverishment of larger
particles and species as tide energy decreases. In fact,
Shimeta and Sisson (1999) verified that the degree of
turbulence associated with the flow and reflux phases
of tidal currents generates a differential effect on the
size, shape, degree of aggregation/disaggregation and

vertical migration of plankton. However, it has also
been reported that some phytoplanktonic groups with
intrinsic capacity to form cell and chain aggregates do not
show substantial variation along the tidal cycle (Guinder
et al., 2009).

The relative abundance of small and large cells of
phytoplankton is a helpful tool to describe the commu-
nity structure and to draw links between some processes
where organisms are involved (e.g. nutrient cycling, light
acquisition and sinking) and some ecosystem features (e.g.
grazing, biogeochemical cycles and primary productiv-
ity) (Acevedo-Trejos et al., 2013 and references therein).
Phytoplankton size structure often varies with resource
availability and hydrographic conditions; for example, in
environments with enriched waters with high flow and
low sedimentation rates, larger cells typically account for
the bulk of the phytoplankton biomass (Huete-Ortega
et al., 2010). Applying size spectrum analysis to planktonic
communities along coastal environments with strong fluc-
tuations in their physical and chemical variables often
proves to be helpful to disentangle spatial and temporal
processes occurring therein (e.g. Quintana et al., 2002;
Reul et al., 2005, 2008).

The San Antonio Bay (SAB; 40◦ 46 S, 64◦ 54′ W)
is a wide tidal flat located within a Patagonian semi-
desert coastal ecosystem. The area is characterized by
a semidiurnal tidal regime (varying between 6 and 9 m)
and the exchange of enormous amounts of water with
the San Matías Gulf (SMG) through a relatively small
mouth. The semicircular shape of the bay serves as
protection against the strong energy of SMG waters
and enables the formation of extended tidal flat areas,
two main spits and marshes (Carbone et al., 2007). After
circulating through the bay during each tidal cycle, the
incoming water increases its salinity and its content
of nutrients and phytoplankton (Esteves et al., 1996).
On the other hand, SAB is subject to anthropogenic
disturbances associated with land water discharges and
maritime-related activities at harbors (Carbone et al., 2007);
therefore, it was speculated that the joint effect of
tidal flushing and benthic community and recycling
of organic matter would be softening the impact on
water quality (Martinetto et al., 2010). The study of
phytoplankton as bioindicators of pollution together
with physical/chemical properties is paramount to track
water quality in the area. The few articles available
on the SAB plankton deal either with diatom diversity
(Sar, 1996a, b) or the impact of urban pollution
on the abundance of some phytoplanktonic species
(Esteves et al., 1996; Martinetto et al., 2010), and thus
the spatial and temporal dynamics of planktonic
communities in the area are practically unknown. Such
knowledge is essential for understanding the spatial
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Fig. 1. Location of the studied sites in Bahía San Antonio (North Patagonian waters, Argentina) in 2016 and 2017. SAO, San Antonio Oeste
city. SAE, San Antonio Este city. Dotted lines represent distance measurements starting from the mouth of the bay (S3) following the path of water
circulation during tidal rising.

patterns of the lower trophic levels, their variations in
structure and size with time, the relationships with the
dynamics of the SAB tidal flat and, in fine, their ecologic
role in the area.

The overall objective of our study is to assess whether
there is a variation in nano- and microplankton in
terms of taxonomic composition and size structure
along the spatial gradient extending from outer SMG
waters to the innermost sectors of SAB and whether the
trends remain throughout the year. The analysis includes
both the environmental setting and the ecological
features of various taxa at different distances from the
coast.

We hypothesize that (i) the community structure of
nano- and microplanktonic organisms is the result of
SAB’s strong macrotidal regime and that (ii) as the tidal
stress decreases from outer gulf waters to the inner parts
of the bay, the planktonic community structure becomes
less represented by the larger size fractions.

METHOD

Study site and sampling procedure

With an area of 80 km2, SAB includes tidal flats and
channels, spits, beaches and sandbanks. It is dominated by
a main channel with a maximum depth of 37 m, toward
which a number of secondary tidal channels converge.
Spring tides in SAB, with amplitudes of up to 9 m, can
generate currents of >2 m seg−1.

To properly describe the land elevation gradient from
SMG (outer SAB) across the main channel up to the
inner channels of the bay and assess the existence of
a coupled environmental and biological gradient, nine
different sampling sites were selected (S1–S9) (Fig. 1). A
distance value starting from themouth of the bay (S3) was
assigned to each site using the QGIS software (www.qgis.
org), following the path of water circulation into the bay
during tidal rising. Additionally, ground elevation at each
site was measured with GPS. Each site was sampled in
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winter (August 2016), summer (February 2017), autumn
(May 2017) and spring (October 2017), always at low
tide (data from WTides software, www.wtides.com). In
autumn, sites S1 and S2 could not be sampled due to
logistic issues.

Samples for the analysis of nutrients, chlorophyll a
(Chl-a), colored dissolved organic matter (CDOM), phy-
toplankton and protozoans (both quantitative and qual-
itative) were collected from subsurface waters. In the
shallowest sites (bottom depth, <1 m; sites S4, S5, S6, S7,
S8 and S9; Fig. 1), samples were collected from a 0.5 m
depth; in the remaining sites (S1, S2 and S3), the upper
10 m of the water column were sampled by means of a
hosepipe sampler with a diameter of 3/4′′ (Boltovskoy,
1981; Zohary and Ashton, 1985). In situmeasurements of
temperature and salinity were taken at each site using a
multi-parameter probe (YSI 6600-S).

Analysis of water quality variables

The seawater collected at each site was kept cooled until
filtration through GF/F filters at the laboratory. Chl-a
concentration was estimated by first filtering 1.5 L
of water and then extracting with acetone for 12 h
(Lorenzen, 1967). Measurements were taken with a
UV-Vis spectrophotometer (PG Instruments T60), while
concentrations were calculated by using Marker’s equa-
tions (Marker et al., 1980). For the assessment of nutrient
concentration, subsamples of filtered water were kept
frozen at −20◦C. Nitrate and soluble reactive phosphorus
(SRP) were estimated by the Nitrate Electrode Method
(4500-NO3—D) and the Vanadomolybdophosphoric
Acid Colorimetric Method (4500-P—C), respectively
(APHA, 2012). Samples for determination of CDOM
spectral absorption coefficients were filtered through
GF/F filters, and absorption spectra from 200 nm to
800 nm (1 nm data interval) were determined with 1 cm
quartz cuvettes and Milli-Q water as the blank, using a
double-beam Persee T7S UV-Visible spectrophotometer
(Helms et al., 2008). CDOM characterization was
obtained through the spectral slope ratio (Sr), a variable
inversely correlated to CDOM that is calculated as the
spectral slope at 275–295 nm (S275–295) divided by the
spectral slope at 350–400 nm (S350–400), followingHansen
et al. (2016).

Microscopic analysis

Qualitative samples for the taxonomic identification
of nano- and microplankton species were collected
by dragging a 15 μm mesh net, fixed with 2–3%
formaldehyde and analyzed with an upright microscope
at 1000×. Diatoms and dinoflagellates were identified on

samples previously cleared with sodium hypochlorite and
mounted with Stirax. A total of two slides were observed
per sample. Identifications at the species level (whenever
possible) were based on descriptions by Balech (1988;
dinoflagellates), Sar (1996a, b, diatoms) and Tomas (1997;
diatoms and flagellates).

Samples for the quantitative analysis of nano- and
microplankton were fixed with 0.4% formaldehyde. The
picoplankton was not included in this study. Cell counts
were performed under inverted microscope following
Utermöhl’s (1958) technique, by settling three 10–33 mL
aliquots per sample in chambers for >12 hs. The volume
of the aliquots was decided as a trade-off between a
statistically suitable number of counted individuals and a
correct visualization of the samples due to precipitation
of inorganic particles masking the cells, an issue that was
evident mainly in samples from the inner waters of the
bay. Counting errors were estimated according to Venrick
(1978), accepting a maximum error of 20% for the most
frequent taxa. For nano- and microplankton usually more
than 300 and 200 individuals were counted per sample,
respectively. Abundance and biovolume estimations were
addressed only on individual cells, regardless of whether
these were solitary or forming part of a colony or filament
(Alder and Morales, 2009).

Taxa were merged into 5 main groups: diatoms, flag-
ellates < 20 μm (“small flagellates”), flagellates > 20 μm
(cryptophytes, euglenophytes, silicoflagellates and coccol-
ithophorids), ciliates (loricate and naked) and dinoflagel-
lates. Zoospores of macroalgae were also identified and
counted. Total density (ind. mL−1) for each site and season
was estimated by adding the individual density of each
group.

Cell volume (μm3) for each group was obtained by
first estimating its average dimensions based on the mea-
surement of 20–30 individuals with the aid of ImageJ
software and then applying the geometric formula with
the best fitting to its cell morphology (Hillebrand et al.,
1999; Sun and Liu, 2003). The biovolume per milliliter
(μm3 mL−1) for each group was calculated by multiply-
ing each density by its corresponding cell volume. Total
biovolume per milliliter (μm3 mL−1) of each sample was
calculated by simply adding the biovolumes of all groups
present. For better comparison of anisodiametric cell
shapes, from cell volume of each taxa, the equivalent
spherical diameter (ESD) was calculated as the diam-
eter of a sphere with equivalent volume, according to
Taniguchi et al. (2014).

Data analysis

Statistical differences of environmental variables between
seasons were analyzed using Analysis of Variance
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Table I: Spatial and temporal trends of environmental variables from outer waters of SMG to SAB

Spatial scale Temporal scale
Mean

Outer Intermediate Inner Seasons

Sites/seasons S1–S3 S4–S6 S7–S9 A W S Su

Elevation (m)
X 3.0 9.3 11.5 8.2

±SD 2.6 0.61 0.8 3.8

Distance (m)
X 7.3 18.3 23.4 16.8

±SD 5.3 1.2 1.4 7.3

Temperature (◦C) X 13.6 14.5 17.1 11.3 12.3 15.8 20.3 15.1

±SD 3.3 5.3 4.8 1.2 3.2 2.8 4.3 4.7

Salinity X 33.7 33.7 44.7 37.8 37.3 37.2 38.1 37.6

±SD 0.7 0.8 11.2 8.9 8.7 8.9 8.6 8.4

SRP (μM) X 7.6 8.5 42.7 19.6 9.1 30.1 22.3 20.3

±SD 9.4 6.3 23.6 14.1 16.5 31.4 20.5 22.5

NO3 (mM) X 0.9 1.0 1.3 1.0 1.1 1.2 1.0 1.1

±SD 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3

Chl-a (ugL−1) X 1.4 1.2 3.5 0.9 0.9 4.4 1.8 2.0

±SD 1.2 0.5 3.8 0.5 0.4 4.0 1.2 2.6

Sr X 1.2 1.0 0.9 0.9 1.2 1.0 1.1 1.0

±SD 0.2 0.2 0.3 0.2 0.1 0.4 0.1 0.3

Sites were grouped in S1–S3 for outer sites, S4–S6 for intermediate sites and S7–S9 for inner sites. SRP, soluble reactive phosphorus; NO3,

dissolved nitrates; Chl-a, Chlorophyll a. A, autumn; W, winter; S, spring; Su, summer.

(ANOVA) and post hoc Tukey’s tests, after verifying
assumptions of normality and homoscedasticity with the
Shapiro–Wilk and Levene tests, respectively. Ordination
of sampling sites according to Chl-a concentration,
conductivity, temperature and spectral slope ratio (Sr)
was achieved by principal component analysis (PCA).
Scores for each site on PCA1 axis were used as a
synthetic variable to be evaluated together with the spatial
variables (distance and elevation) by means of Spearman
correlation analysis. Additionally, PCA analyses were
conducted with both nano- and microplankton species
abundances and biovolumes in order to identify possible
differences in species assemblages among sites.

Spearman correlation analyses were also conducted to
address correspondence of total density and biovolume
with distance, elevation and PCA1. Additionally, log–log
analyses by means of simple linear regressions based on
both ordinary least square method (OLS) and reduced
major axis (RMA) method were performed between log2-
transformed values of each planktonic group’s mean size
and relative density. Slopes for each site were evaluated
together with distance, elevation and PCA1 by means
of Spearman correlation analysis. For ease of visualiza-
tion of the changes in the size spectrum of unicellu-
lar plankton across sites, total density and total biovol-
ume were plotted against cell size by considering 6 ESD
classes (2–5, 5–10, 10–20, 20–40, 40–80 and <80 μm)
(adapted from Marañón, 2014). Statistical tests were per-
formed using IBM SPSS and R software (R Core Team,
2016).

RESULTS

Spatial and environmental trends

Higher values of distance and elevation corresponded to
the innermost sites of SAB (S7: 21.7 km, 12.58 m; S8:
23.6 km, 11.1 m; and S9: 24.9 km, 10.88 m, distance and
elevation, respectively). Distances of sampling sites were
positively correlated to elevation (R2 = 0.90, P < 0.0001).

Mean temperatures were found to decrease ∼1◦C from
autumn to winter and to increase ∼5◦C from spring
to summer (Table I). Regardless of the season, water
temperature in the inner channels was strongly linked to
air temperature due to their shallowness and the extended
periods during which these environments remain unaf-
fected by tides. The highest water temperatures were
measured at the inner sites (Table I), reaching amaximum
of 26.8◦C at S7 in summer. Salinity increased landwards,
with no statistically significant variation through seasons.
Nevertheless, site 9 stood out among the other sites by its
extremely high and sustained salinity values (from 57.59
to 60.55) during all seasons.

The nutrient concentrations displayed a rising trend
landwards across the flat. Despite the seasonal variations,
higher values of nitrates and SRP were always measured
at the inner sites (S7–S9; Table I).

Higher Chl-a values were registered in the inner sites
of the bay (Table I). Differences between seasons were
statistically significant (ANOVA, F 3;30 = 5.03, P =0.006),
with lower, similar concentrations in winter and autumn
(<1 μgL−1), and higher concentrations in summer
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Fig. 2. Ordination plot obtained by a PCA based on the environmental variables measured at San Antonio Bay: SRP, soluble reactive phosphorus;
Chla, Chlorophyll a; Temp, temperature; Sal, salinity; NO3, dissolved nitrates; Sr, spectral slope ratio (CDOM). Arrows indicate the loading of
each variable on the first two axes. Percentages on each axis indicate the amount of variance explained.

and spring. CDOM concentrations also increased
landwards, as evidenced by the lower Sr values in inner
channels and the higher ones in outer waters. The lowest
Sr values (<0.6) were measured at the inner sites in
spring.

Considering the environmental variables per season,
axis 1 of the PCA analyses was found to explain a large
percentage of the variance (Fig. 2). Chl-a, temperature,
salinity and nutrients showed a strong positive correlation
with PCA1. The spectral slope ratio (Sr) had a low weight
in the ordination for autumn and summer and showed
a negative correlation with PCA1 for winter and spring.

With the exception of autumn, correlations of PCA1
vs. elevation and distance were also highly significant
through seasons (Fig 3).

Temporal and spatial trends of nano- and
microplankton

The total planktonic density increased in one order of
magnitude from the outer SMG waters/mouth of SAB
to the inner waters of the bay (Table II), with the highest
densities being recorded at sites 7–9. In the temporal
scale, total densities differed significantly between seasons
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Fig. 3. Correlation of axis 1 scores from PCA (PC 1, Fig. 2) vs. distance and ground elevation of sampling sites in SAB. r, Spearman correlation
coefficient; P , P-value for each correlation considering critical value 0.05.

(ANOVA, F 3,30 = 4.01, P =0.016), with the minimum in
winter (mean, 7.14× 102 ind.mL−1), 2 orders of mag-
nitude lower than the maximum of spring (2.0× 104

ind.mL−1). Summer and autumn reached intermediate
mean densities.

The total biovolume was found to significantly increase
landwards during spring and summer and decrease
significantly in winter. A nonsignificant, although appar-
ent decreasing trend landwards was detected also for

autumn. A comparison of total biovolumes between
seasons did not yield significant differences (mean,
1.1× 107 ± 3.3× 107 μm3 mL−1; ANOVA, F 3,30 = 0.75,
P =0.53).

Within each season, both total density and total biovol-
ume (Table III) correlated significantly to at least one of
the spatial/environmental variables (distance, elevation
and/or PCA1). In particular, total density was positively
correlated to PCA1 for all seasons, while both total density

627

D
ow

nloaded from
 https://academ

ic.oup.com
/plankt/article-abstract/41/5/621/5586932 by guest on 27 N

ovem
ber 2019



JOURNAL OF PLANKTON RESEARCH VOLUME 41 NUMBER 5 PAGES 621–639 2019

Table II: Spatial and temporal trends of total density (cell mL−1) and total biovolume (μm3 mL−1), and
mean values of the EDS (μm), density (D, cell mL−1) and biovolume (B, μm3 mL−1) of each planktonic
group from outer to inner waters of SAB

Spatial scale Temporal scale

Outer Intermediate Inner Seasons

Sites/seasons S1–S3 S4–S6 S7–S9 A W S Su

Total density 1.1×103

±1.5× 103
1.2× 103

±1.0× 103
2.0×104

±3.6×104
3.2× 103

±2.2×103
7× 102

±9.1×102
2.1×104

± 4.2× 104
6.2× 103

±8.5× 103

Total biovolume 6.5× 106

±8.5× 106
2.1× 106

±8.3×105
2.4×107

±5.4×107
5.0× 106

±7.9×106
5.5×106

±6.4×106
2.9×107

± 6.2× 107
2.2× 106

±2.1× 106

Diatoms

ESD 29.8±31.7 21.4±12.7 20.8± 13.9 22.4±17.06 29.1± 29.39 20.7±13.00 20.6±14.37

D 1.5×103

±1.6× 103
1.2× 103

±1.0× 103
2.0×104

±3.6×104
3.2× 103

±2.2×103
7.1× 102

±9.1×102
2.1×104

± 4.3× 104
6.2× 103

±8.5× 103

B 6.0× 106

±7.2× 106
8.0× 105

±7.1× 105
1.5× 106

±1.6×106
3.0× 106

±6.2×106
4.1×106

±5.8×106
1.4×106

± 1.8×106
6.8× 105

±7.0× 105

Ciliates

ESD 47.8±2.0 48.5±1.9 48.34±2.0 48.24±2.0 48.06±2.0 48.06±2.1 48.58± 2.0

D 17.5± 11.5 7.7± 6.7 5.4±4.9 11.8±15 10.8±7.1 6.9±6.7 7.2±4.6

B 1.1×106

±7.5× 105
4.7× 105

±4.0×105
3.2×105

±3.0×105
7.3× 105

±9.7×105
6.5×105

±4.4×105
3.9×105

± 3.8× 105
4.4× 105

±2.9× 105

Dinoflagellates

ESD 51.9±8.1 47.3±9.5 46.2± 9.8 53.145± 0.02 46.16±9.0 43.38±9.7 54.005±8.6

D 3.8±4.9 1.5±1.7 4.0±4.3 1.7±1.7 4.4±5.6 3.0±4.1 3.3±3.0

B 2.8× 105

±3.5× 105
9.2× 104

±1.2× 105
1.9× 105

±2.2×105
1.3× 105

±1.3×105
2.5×105

±3.9×105
1.0×105

±1.0×105
2.6× 105

±2.4× 105

Flagellates >20

ESD 23.0±14.5 32.6±26.1 26.3± 26.4±19.1 35.2± 27.9 25.5±19.3 25.1±17.2

D 1.5×102

±2.2× 102
38.1±51.8 39.7± 45.5 1.5x102

±2.5×102
17.4±17.6 2.9±2.9 70.4±41.7

B 6.7× 105

±9.2× 105
3.9× 105

±5.0×105
3.1×105

±3.3×105
9.9× 105

±9.6×105
1.2× 105

±1.1×105
2.8×104

± 3.7× 104
5.0× 105

±4.6× 105

Flagellates <20um

ESD 2.7± 6.2 2.7± 6.2 2.7±6.2 2.7± 6.2 2.7±6.2 2.7±6.2 2.7± 6.2

D 9.4× 102

±8.9× 102
9.7× 102

±9.7×102
4.2×103

±7.0×103
1.6× 103

±9.8×102
5.0×102

±8.0×102
6.6×102

± 5.9× 102
5.2× 103

±7.8× 103

B 9.4× 103

±8.9× 103
9.7× 103

±9.7×103
4.2×104

±7.0×104
1.6× 104

±9.8×103
5.0×103

±8.0×103
6.6×103

± 5.9× 103
5.2× 104

±7.8× 104

Ulva zoospores

ESD 0 0 14.0± 11.3 0 0 14.0±11.3 14.0±11.3

D 0 0 1.5× 104

±3.7×104
0 0 1.9×104

± 4.2× 104
2.4× 102

±7.1× 102

B 0 0 2.1×107

±5.3×107
0 0 2.8×107

± 6.0× 107
3.4× 105

±1.0× 106

Sampling sites were grouped in outer (S1–S3), intermediate (S4–S6) and inner (S7–S9) sites. A, autumn; W, winter; Sp, spring; Su, summer.

and biovolume correlated significantly to distance only
during the warm seasons (Table III). The total biovolume
and PCA1 only correlated significantly in spring.

When considering the size-abundance spectra along
the distance and elevation gradient, a decrease in the
density of larger cells (>20 μm) was observed from S1 to
S9, with smaller cells (2–5 μm ESD) remaining invariant
(Fig. 4). Larger unicellular plankton (>10 μm ESD), how-
ever, accounted for the main contribution to the relative
total biovolume during most of the year (Fig. 5) except in
spring, when sites 7–9 showed particularly high densities
of nanoplanktonic organisms (10–20 μm ESD).

The log–log analyses between total density and indi-
vidual cell biovolume (by applying both OLS and RMA
regressions) provided a good description of the size struc-

ture of unicellular plankton along the environmental gra-
dient for each season. Most regressions for each site and
season were significant, with slopes ranging from−0.78 to
−0.14 for OLS and from −1.15 to −0.33 for RMA (Sup-
plementary data, Table SI). The relative importance of
larger phytoplankton in terms of its contribution to total
biovolume decreased significantly toward inner waters in
all seasons (using distance, elevation and PCA1 as depen-
dent variables; Table IV). However, although Spearman
coefficients were greater than 0.6 (in magnitude), RMA
slopes did not correlate significantly with any of these
variables in winter.

As shown in Fig. 6 and Table II, diatoms and small
flagellates were the most abundant organisms among the
5 groups considered, accounting altogether for over 75%
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Table III: Spearman correlation analysis among phytoplankton density and biovolume and spatial/envi-
ronmental variables: distance, elevation and axis 1 of PCA (PCA1) based on environmental variables

Winter Density Biovolume PCA1 Elevation Distance

Density 1 0.81 0.03∗ 0.1 0.12

Biovolume −0.08 1 0.11 0.05∗ 0.11

PCA1 0.75 −0.57 1 <0.001∗ 0.02∗
Elevation 0.58 −0.66 0.9 1 <0.001∗
Distance 0.55 −0.57 0.83 0.88 1

Spring Abundance Biovolume PCA1 Elevation Distance

Density 1 0.01∗ 0.01∗ <0.001∗ 0.04∗
Biovolume 0.98 1 0.01∗ <0.001∗ 0.04∗
PCA1 0.93 0.92 1 <0.001∗ 0.02∗
Elevation 0.9 0.9 0.95 1 <0.001∗
Distance 0.73 0.72 0.8 0.88 1

Summer Abundance Biovolume PCA1 Elevation Distance

Density 1 0.03∗ 0.04∗ <0.001∗ 0.01∗
Biovolume 0.75 1 0.51 0.01∗ 0.05∗
PCA1 0.73 0.23 1 0.06 0.05∗
Elevation 0.96 0.79 0.65 1 <0.001∗
Distance 0.93 0.7 0.7 0.88 1

Autumn Abundance Biovolume PCA1 Elevation Distance

Density 1 0.48 0.05∗ 0.48 0.6

Biovolume 0.29 1 0.66 0.29 0.43

PCA1 0.79 −0.18 1 0.12 0.1

Elevation 0.29 −0.43 0.64 1 0.07

Distance 0.21 −0.32 0.68 0.75 1

Below diagonal are Spearman correlations coefficients, above diagonal are P-valued. ∗ indicates significative correlations.

of the total density in almost all sites and seasons. Total
ciliates (loricate and non-loricate) and larger flagellates
declined toward the inner sites of the bay (31 and 26% of
decline in density, respectively). Dinoflagellates, mainly
represented by Ceratium tripos, Ceratium inflatus, Triceratium
favus and Protoperidinium spp., showed small densities
throughout the year in all sites, with their maximum con-
tribution to total density outside the bay and channel (S1,
S2 and S3) in winter (maximum 9.5%). Mainly in spring,
and to a lesser extent in summer, high densities (mean,
1.9× 104 ind.mL−1 and 2.4× 102 ind.mL−1, respectively)
of meroplanktonic stages (gametes and zoospores) of the
macroalgae Ulva lactuca were registered in the inner sites
of the bay, representing over 95% of all planktonic cells.
The spatial distribution of diatoms showed a pronounced
ESD decrease from the outer SMG to the inner SAB
waters (Fig. 7). The same trend was also followed by
diatom total densities, where differences of one order
of magnitude were observed between SMG and the
internal channels (Mx. 2 235 cell. L−1 at S8). Most of the
diatom taxa found in SAB were of benthic origin. Two
of them, the naviculoides complex (sole representative
of the 2–5 μm ESD range) and Cylindrotheca closterium

(5–10 μm ESD), occurred in 100% of the samples,
with highest densities (mean, ∼8× 102 ind.mL−1) at
sites 7–9. These taxa were followed by Grammatophora

marina and Cocconeis spp., though in much lower densities.
Larger size diatoms found in outer waters (Odontella spp.,
> 80 μm; Chaetoceros constrictus, > 80 μm; Thalassiosira spp.,

20–40 μm; Thalassionema nitzschioides, 10–20 μm; Rhizosole-
nia styliformis, 10–20 μm) were mostly of planktonic origin
and were present in low densities. The full taxonomic lists
and abundance data of diatoms and dinoflagellates are
available as supplementary data (Table SII).

The PCA conducted with both species abundances
(Fig. 8) and species biovolume (figure not presented)
showed the same ordination of sites, where the first two
axis accounted for 42.6% of the variance (for species
abundances) and 42.4% (for species biovolume). In line
with the above description, sites located outside the bay
and channel (S1, S2 and S3) were positively associated to
dinoflagellates and large-sized phytoplankton species and
differed from intermediate sites (S4, S5 and S6), which
where associated to smaller, typical coastal species. Inner
sites (S7, S8 and S9) were positively associated to small
groups of phytoplankton.

DISCUSSION

SAB shows a strong variation in its physical, chemical and
biological properties from SMG to the inner channels,
as the elevation of land increases. Like other Patagonian
bays, SAB is protected from ocean waves because the
prevailing winds are from the west (Isla et al., 2001). Tides,
therefore, are the main driver of the morphodynamic
processes in this area, shaping it to a convex-up bottom
profile previously described by Bearman et al. (2010) and
involving a number of landward features such as high
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Fig. 4. Spatial and seasonal distribution of the density proportion of eukaryotic unicellular plankton size classes (a–f) based on the ESD in SAB.
Sites (S1–S9) were sorted from outer (left) to inner waters (right). X, no samples available.
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Fig. 5. Spatial and seasonal distribution of the biovolume proportion of eukaryotic unicellular plankton size classes (a–f) based on the ESD in
SAB. Sites (S1–S9) were sorted from outer (left) to inner waters (right). X, no samples available.
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Table IV: Spearman correlation analysis of eukaryotic unicellular plankton size spectrum: slopes of log–
log regression analysis using both OLS and reduced major analysis (RMA) methods vs. distance, elevation,
and axis 1 of PCA (PCA1) based on environmental variables

Winter Slope log–log(OLS) Slope log–log(RMA) PCA1 Elevation Distance

Slope log–log (OLS) 1 0.06 0.01∗ 0.01∗ 0.02∗
Slope log–log (RMA) 0.67 1 0.06 0.08 0.07

PCA1 −0.87 −0.67 1 <0.001∗ 0.02∗
Elevation −0.81 −0.61 0.9 1 <0.001∗
Distance −0.83 .0,63 0.83 0.88 1

Spring Slope log–log (OLS) Slope log–log(RMA) PCA1 Elevation Distance

Slope log–log (OLS) 1 0.03∗ 0.01∗ <0.001∗ 0.01∗
Slope log–log (RMA) 0.75 1 0.05∗ 0.02∗ 0.07

PCA1 −0.88 −0.70 1 <0.001∗ 0.02∗
Elevation −0.95 −0.74 0.95 1 <0.001∗
Distance −0.92 −0.63 0.8 0.88 1

Summer Slope log–log (OLS) Slope log–log(RMA) PCA1 Elevation Distance

Slope log–log (OLS) 1 <0.001∗ 0.05∗ 0.04∗ 0.06

Slope log–log (RMA) 0.98 1 0.03∗ 0.02∗ 0.02∗
PCA1 −0.68 −0.71 1 0.06 0.05∗
Elevation −0.69 −0.74 0.65 1 <0.001∗
Distance −0.67 −0.75 0.7 0.88 1

Autumn Slope log–log (OLS) Slope log–log(RMA) PCA1 Elevation Distance

Slope log–log (OLS) 1 0.02∗ 0.04∗ 0.08 0.07

Slope log–log (RMA) 0.83 1 0.02∗ 0.14 0.12

PCA1 −0.77 −0.96 1 0.12 0.1

Elevation −0.7 −0.61 0.64 1 0.07

Distance −0.72 −0.64 0.68 0.75 1

For each season, upper right figures indicate Spearman correlation coefficients while lower left figures indicate P-values. Asterisks specify

significant correlations.

sediment transport, increased deposition, decreased grain
size, a prograding profile and a locally shortened high
water slack (Friedrichs, 2011).

The environmental gradient described in the present
study is similar to the typical patterns found in other
coastal environments like estuaries, where variables such
as temperature, Chl-a, nutrients and CDOM increase
from outer marine waters to the inner channels (Morais
et al., 2016; Guinder et al., 2012). Sr values fell within the
range observed for the Delaware estuary by Helms et al.
(2008) and were found to decrease from outer marine
waters to SAB inner channels. Higher values may be
indicating low molecular weight material or decreasing
aromaticity. In contrast, lower values (S7–S9) may rep-
resent a mixing process with wastewater or fresh water
that incorporates absorbing substances or that could be
produced by microbial activity (Helms et al., op. cit.).

However, an opposite trend for salinity was found.
Given its location in an arid region with no river input
or stream discharge, evaporation of interstitial water is
enhanced in inner channels as sediments remain uncov-
ered for a prolonged period of time (Wang et al., 2007),
thus promoting an increase in salinity values as entering
the bay.

Some of the environmental variables changed in accor-
dance with the strong seasonality of the area. The land-
ward pattern of decreasing temperatures in winter and

increasing temperatures in summer responds to the pro-
nounced heat exchange that takes place due to the shal-
lowness of the system. In line with this temperature
pattern, salinity was also observed to increase during the
warm seasons due to enhanced evaporation. Chl-a values
also varied seasonally and were higher during spring and,
to a lesser extent, in summer, when nutrient availability
and temperature provide an enabling environment for the
growth of phytoplankton.

The tidal effect in SAB exerts a gradual sorting effect on
larger eukaryotic unicellular plankton due to the sedimen-
tation of larger groups as the water mass loses energy, thus
resulting in the decrease of total biovolume landwards
in autumn and winter. These dynamics match those of
the conceptual convex-upmodel (Friedrichs, 2011), which
explains the behavior of flats for high tidal ranges and
decreasing wave action, where the landward decrease in
water depth results in a reduction of current velocity
thus promoting the sedimentation of suspended matter
and, consequently, a smaller sediment and plankton load
in the water column. At the same time, the remaining
small-cell populations with high intrinsic growing rate
find proper environmental conditions to replicate in less
turbulent areas (inner sites of the SAB), which explains the
increase of total density landwards along the year. In this
line, Legendre et al. (1982) and Walsh (1981) registered
phytoplankton blooms in stable water columns after days
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Fig. 6. Relative density of the main eukaryotic unicellular planktonic
groups recorded in SAB at each sampling site in each season of the year.
Sites (S1–S9) were sorted from outer (left) to inner waters (right). X, no
samples available.

Fig. 7. Spatial variation of the ESD of diatoms at each sampling site in
SAB. Sites (S1–S9) were sorted from outer (left) to inner waters (right).
Each point represents the yearly mean ESD value; bars represent the
standard error.

of wind stress. Moreover, in environments with low tur-
bulent mixing, the proliferation of phytoplankton patches
induced by local conditions was observed in contrast to
well-mixed areas (Therriault and Platt, 1981). The passive
retention of particles in high estuaries only by tidal action
has been previously described by Morgan et al. (1997)
and may explain the increase of phytoplankton density
landward across the flat in SAB. Additionally, the inner
sites in SAB presented proportionally higher cell sizes in
warmer seasons than in colder ones, which suggests that
other factors such as resource availability and/or light
limitation (rather than temperature) are often responsible
for the presence of larger plankton cell sizes (Sommer
et al., 2017 and references therein). As compared to small
cells, large cells are able to better evademicrozooplankton
grazing and can display higher photosynthetic efficiency
and growing rates under non-limiting nutrient and light
conditions (Cermeño et al., 2005 and references therein),
thus explaining their success in coastal environments (Clo-
ern, 2018) and oceanic upwelling systems (Dugdale and
Wilkerson, 1998). Accordingly, planktonic cells of higher
size within SABwere found to be the main contributors to
total plankton biovolume. Slope values from the log–log
analysis ranged from −0.78 to −0.14 (mean, −0.43) for
OLS regressions and from −1.15 to −0.33 (mean, −0.64)
for RMA regressions, in line with those observed in assem-
blages of highly productive inshore waters (Huete-Ortega
et al., 2010; Reul et al., 2005, 2008). Although both types
of regression describe the same spatial pattern, slopes
from OLS regressions were in all cases lower than RMA,
a fact also verified by Laws and Archie (1981) when re-
analyzing with RMA two ecological data sets previously
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Fig. 8. Biplot of the PCA based on eukaryotic unicellular plankton abundances from nine sites at SAB (S1–S9). Rows indicate the loading of each
species on the first two axes. Named species correspond to those earning a score higher than 0.2 for axis 1 or 2. Percentages on each axis indicate
the amount of variance explained.

analyzed with OLS. As RMA regressions also include
errors in the x-axis, it adds measurement errors to the
inherent variability of the explanatory variable (Legen-
dre and Legendre, 1998), thus proving to be the most
appropriate method to describe the functional relation-
ship between these variables. RMA regressions seem to be
more appropriate for the analysis of plankton size spectra
in particular (e.g. Huete-Ortega et al., 2012; Marañón,
2014) and for trait-based approaches to community struc-
ture studies in general (e.g. López-Urrutia et al., 2006;
Litchman et al., 2007).

Differences among planktonic size spectra across the
studied area evidence a general decreasing contribution
of larger size phytoplankton to total biovolume toward the
inner sites in the bay, a pattern that was held throughout
the year. Two aspects should be stressed to this respect.
In the first place, and taking into account that the aim of
this study is not a characterization of species richness and
diversity, large-size species are generally rare and com-
monly present in low numbers within phytoplanktonic
communities (Rodríguez-Ramos et al., 2014; Cermeño

et al., 2014). The recommended sample volume to be
analyzed for the detection of 90% of the species is from
0.25 to 1 L, depending on the concentration of phyto-
plankton (Cermeño et al., op. cit.). Although the sample
size used in this study for quantitative processes was lower
than that recommended and might therefore represent a
source of error, it was always backed with the observation
of net samples (15 μm net) in order to minimize the
bias associated with the detection of large cells. In the
second place, it is well known that the sinking rate of
phytoplankton greatly depends on cell shape, buoyancy
control and the presence of flagella (e.g. Padisàk et al.,
2003). However, cell size is alsomentioned as a key feature
for phytoplankton sinking (Marañón, 2009), with larger
cells exhibiting a higher sinking rate than smaller ones
(Takahashi and Bienfang, 1983). During the SAB tidal
cycle, the incoming mass of water decreases its strength
landwards so suspended particles (including planktonic
cells) show a sinking gradient in accordance with their
size: while larger fractions tend to sink in outer waters,
smaller ones can remain suspended even at the shoreline.
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A comparison of the present results with those reported
by Santinelli et al. (2018) for different Patagonian coastal
environments (including two sites close to SAB) reveals
that the total mean abundance registered in SAB and
surrounding areas (8.0× 103 ind.mL−1) is positioned in
the upper end for the densities reported (∼103 ind.mL−1

in Nueva Bay, Engaño Bay, Golondrina Bay and the
Deseado Estuary). Phytoplankton assemblages were
found to join together organisms distinctive of coastal,
eutrophic environments with others typically oceanic.
Additionally, the mean total abundance and planktonic
community structure recorded at the outer sites (S1, S2
and S3) are in line with those found by Hoffmeyer et al.
(op. cit.) near the boundaries of SAB.

Due to their broad size range and high abundance,
diatoms accounted for the bulk of size variation observed
toward shallower coastal sites. Previous studies in SAB
(Esteves et al., 1996) and on other Argentine coastal envi-
ronments such as the Bahía Blanca estuary (Gayoso, 1998;
Guinder et al., 2009) and Bahía Engaño (Villafañe et al.,
2004) agree in remarking the dominance of diatoms,
thus suggesting that this might be a feature common to
all northern Patagonian locations. Also flagellates were
dominant in SAB in terms of density, for almost all sites
and seasons; however, they did not contribute to the
bulk of the total plankton biovolume. Despite flagellated
cells are of great importance for primary production and
picoplankton grazing in the open ocean (Massana and
Pedrós-Alió, 2008), in nutrient rich systems larger phy-
toplankton cells tends to overcome in biomass (Cloern,
2018). Dinoflagellates, in turn, were present in low den-
sities and mainly in SMG, in agreement with Sastre et al.
(1995) who found relatively higher densities of dinoflag-
ellates in waters of the same area. According to Carreto
et al. (1974), SMG presents two clearly distinct zones:
a northeastern sector (adjacent to SAB) dominated by
dinoflagellates and characterized by higher temperature
and salinity, a marked thermocline and limiting concen-
trations of nitrates and a southeastern sector dominated
by diatoms, with lower temperature and salinity, null strat-
ification and relatively higher concentrations of nitrates.
In fact a seasonal front system was described for the area
and the twowatermasses better spatially defined (Gagliar-
dini and Rivas, 2004; Williams et al., 2013). In this con-
text, the seminal trait-based “mandala” model proposed
by Margalef (1978) and Margalef et al. (1979) frames our
results, as it relates the phytoplankton functional mor-
phology to adaptive strategies in response to disturbance
(i.e. turbulence) and nutrient content: this model makes
the distinction between organisms such as diatoms, which
develop under turbulent and high-nutrient conditions,
and those such as dinoflagellates, which thrive in nutrient-
poor and low turbulence environments.

Given the high levels of phosphates and nitrates in
SAB, higher Chl-a values were expected. Nevertheless,
the Chl-a concentration range was from moderate to low
(0.5–12.4 mg.m−3) and much lower as compared to other
Patagonian bays like Bahía Engaño (up to 100 mg.m−3;
Villafañe et al., 2004) and the Bahía Blanca estuary (up to
40.2 mg.m−3; Spetter et al., 2015). We hypothesize that
SAB’s ample tidal range might prevent high biomass
accumulation, as observed for other coastal systems
(Bonilla et al., 2005). This process can be framed within
the “outwelling hypothesis” (Odum, 1968, 2002), by
which coastal environments with high tidal amplitudes
would be net providers of nutrients, organic matter
and organisms to surrounding areas, thus sustaining
secondary production. This likely mechanism is also
supported by the fact that the number of diatom taxa
(mostly of benthic origin) recorded in SAB was higher
than that of SMG (for the most part typically planktonic).
Additionally, the nutrient-Chl-a decoupling observed can
also be explained by the significant grazing pressure
commonly exerted on coastal phytoplankton by intertidal
filtering animals (Lonslade et al., 2009), zooplankton
(Bautista and Harris, 1992) and microheterotrophs
(Nixon et al., 1986).

The input of nutrients and organic matter in SAB,
increased by human activities, may be masked by the
large amount of water circulating during each tidal cycle
(Martinetto et al., 2010). Moreover, nutrients and biolog-
ical products seem to be concentrated during low tide
and diluted with every high tide (Martinetto et al., 2010).
However, the high densities of unicellular plankton (and
particularly of meroplanktonic stages of U. lactuca) found
in shallow waters of the bay suggest that the washout
does not have a significant impact on the inner chan-
nels. Triggered by the large land-derived nutrient input,
particularly dissolved inorganic nitrogen (Teichberg et al.,
2010), U. lactuca is known to produce green tides in SAB
channels during springtime (Gastaldi et al., 2016), which
support high densities of consumers by increasing food
availability (Martinetto et al., 2010).

Likewise, some phytoplanktonic species (e.g.C. closterium,
Leptocylindrus minimus, Pseudonitzchia sp. and euglenoids)
often linked to high-nutrient concentration and the
impoverishment of water quality (e.g. Jaanus et al., 2009;
Parsons et al., 2002), and therefore used as bioindicators
(Parmar et al., 2016), were also detected in the SAB inner
channels. As well, some of the so-called harmful species
found in our study were previously reported by Sunensen
et al. (2009) from the surroundings of SAB. Despite
none of them were found to cause detectable harmful
effects, their presence should be taken as a warning
and motivate a comprehensive monitoring of water
quality.
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CONCLUSION

In this study, we provide the first outlook of the planktonic
assemblages of SAB and the environmental variables that
might govern them. Although higher contributions to
total biovolume lie on groups of relatively larger size, we
found these to decrease in importance landwards across
the flat, defining a pattern that is held through seasons.
These results provide evidence of the importance of tides
on the taxonomic and size structure of lower trophic
levels of the food web in temperate tidal flats under
strongmacrotidal regimes, as well as the relevance of local
factors triggering the density increase of certain taxa (U.
lactuca, dinoflagellates). Future studies at SAB will have to
explore the spatial and seasonal trends during high tide
and also to what extent the phototrophs (phytoplankton,
macroalgae and microphytobenthos) compete for light,
nutrients and inorganic carbon.
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