Mar Biol (2010) 157:2703-2716
DOI 10.1007/s00227-010-1530-5

ORIGINAL PAPER

Long-term changes in phytoplankton phenology and community
structure in the Bahia Blanca Estuary, Argentina

Valeria A. Guinder - Cecilia A. Popovich -
Juan Carlos Molinero - Gerardo M. E. Perillo

Received: 27 April 2009/ Accepted: 6 August 2010/ Published online: 20 August 2010

© Springer-Verlag 2010

Abstract The phytoplankton of the Bahia Blanca Estuary,
Argentina, has been surveyed since 1978. Chlorophyll a,
phytoplankton abundance, species composition and phys-
ico-chemical variables have been fortnightly recorded.
From 1978 to 2002, a single winter—early spring diatom
bloom has dominated the main pattern of phytoplankton
interannual variability. Such pattern showed noticeable
changes since 2006: the absence of the typical winter bloom
and changes in phenology, together with the replacement of
the dominant blooming species, i.e. Thalassiosira curvi-
seriata, and the appearance of different blooming species,
i.e. Cyclotella sp. and Thalassiosira minima. The new
pattern showed relatively short-lived diatom blooms that
spread throughout the year. In addition, shifts in the
phytoplankton size structure toward small-sized diatoms,
including the replacement of relatively large Thalassiosira
spp. by small Cyclotella species and Chaetoceros species
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have been noticed. The changes in the phenology and
composition of the phytoplankton are mainly attributed to
warmer winters and the extremely dry weather conditions
evidenced in recent years in the Bahia Blanca area.
Changing climate has modified the hydrological features in
the inner part of the estuary (i.e. higher temperatures and
salinities) and potentially triggered the reorganization of the
phytoplankton community. This long-term study provides
evidence on species-specific and structural changes at the
bottom of the pelagic food web likely related to the recent
hydroclimatic conditions in a temperature estuary of the
southwestern Atlantic.

Introduction

Estuaries are among the most dynamic ecosystems where
hydrological conditions vary markedly at several spatio-
temporal scales. In recent years, evidence has been grow-
ing on the influence of anthropogenic and climatic forces
on the interannual variations of phytoplankton communi-
ties (Cloern et al. 2007; Nixon et al. 2009). Phytoplankton
provides food supply to upper tropic levels, and any
modification in its structure and/or dynamics (i.e. phenol-
ogy, size structure, species composition) may trigger
changes in the ecosystem functioning. Phytoplankton
blooms are ubiquitous in coastal ecosystems, and notice-
able changes in phenology and species composition have
been linked to global changes (Edwards and Richardson
2004; Wiltshire and Manly 2004). Most of phytoplankton
monitoring programs, however, are based on bulk mea-
surements of chlorophyll or total biomass, and structural
changes related to modifications at species level have
been generally overlooked. Phytoplankton blooms have a
characteristic species-specific dimension that respond to
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changing environmental dynamics (Legendre 1990).
Complex patterns of competition exist among phyto-
plankton species due to their sensitivity to variations in
light and nutrients concentrations (e.g. Tilman 1982;
Huisman and Weissing 1999; Roelke et al. 2003). Changes
in external forcing (i.e. light, precipitation, temperature)
might obscure the role of intrinsic species interactions in
complex food webs and promote species coexistence in
plankton communities (Beninca et al. 2008). In fact,
although phytoplankton species share the same potentially
limiting resources, they differ in regard to their physio-
logical requirements, i.e. ratios of resources required are
species specific (Litchman et al. 2007). Given the concerns
about global warming (Hays et al. 2005), long-term phy-
toplankton records are essential to understand how pelagic
ecosystems respond to variations in climate and anthro-
pogenic perturbations or their synergies.

The Bahia Blanca Estuary, located on the southwestern
Atlantic in Argentina, is a mesotidal estuary, highly turbid
and characterized by a eutrophic inner zone (Freije and
Marcovecchio 2004). In this area, the phytoplankton bloom
has been investigated throughout the period 1978-2002 and
showed a relatively regular pattern characterized by a
recurrent winter—early spring diatom bloom in the inner
zone of the estuary (Popovich et al. 2008b and references
therein). The bloom has been characterized by interannual
variations in duration and magnitude; however, a consistent
recurrence of the same species assemblage (Thalassiosira
spp. and Chaetoceros spp., with T. curviseriata as the most
abundant species) has been observed throughout the years.
In this study, we extended such investigations and com-
pared the long-term pattern observed during 1978-2002
with the years 2006-2008. Our goals were twofold: (1) to
examine the long-term variations of the phytoplankton
bloom in regards to the rising temperatures in the Southern
Hemisphere and (2) to quantify changes in species com-
position, timing and magnitude of the bloom and identify
possible underlying processes.

Materials and methods
Study area

The Bahia Blanca Estuary (38°42'-39°25'S, 61°50'—
62°22'W) is located in a temperate region in the south of
Buenos Aires Province, Argentina, on the southwestern
Atlantic coast. The estuary has a semidiurnal tidal cycle
and high turbidity and nutrient concentrations (Popovich
and Marcovecchio 2008). The inner zone is characterized
by a restricted circulation where tidal velocities range
between 0.69 and 0.77 ms_l, with low advection (Perillo
et al. 2001) and a residence time ca. 28 days (G. Perillo
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unpublished). The water column is generally well mixed
all year-round (Gayoso 1998). Two freshwater tributaries
enter the estuary from the northern shore, the Sauce Chico
River and the Naposta Grande Creek, with a mean annual
runoff of 1.9 and 0.8 m®s™', respectively (Melo and
Limbozzi 2008). The Ingeniero White port, one of the most
important ports in South America, and Bahia Blanca City
(300,000 inhab.) are located in this area.

Sampling and analysis

Samples were collected at a fixed station (Puerto Cuatreros,
38°50'S; 62°20'W), a shallow harbor (mean depth of 6 m)
at the head of the Bahia Blanca Estuary (Fig. 1). The
sampling protocol (i.e. frequency, collection and process-
ing of samples) was consistent from 1978 to 2008. Samples
were collected fortnightly (weekly or twice by week during
the phytoplankton bloom) at high tide and around noon
time. Surface water samples were taken using a Van Dorn
bottle (2.5 1) and used for phytoplankton cells enumeration
(the samples were preserved in acidified Lugol’s solution),
biomass quantification and dissolved nutrient analysis. For
species identification, samples were collected using a
Nansen 30-pum net and preserved with formaldehyde (final
concentration 0.4%).

Physical data

Environmental data correspond to surface water tempera-
ture and conductivity measured with a digital multi-sensor
Horiba U-10. Thereafter, the conductivity was transformed
into salinity and expressed as practical salinity units. Pre-
cipitation data (January 2006-February 2008) were taken
from a meteorological station located near the sampling
station, at the pier in Puerto Cuatreros. For the long-term
scale, regional monthly records of precipitation over the
period 1980-2005 at Bahia Blanca City (about 20 km of
Puerto Cuatreros) were obtained from the Argentine
National Meteorological Service. In addition, field patterns
of atmospheric variability (i.e. precipitation and tempera-
ture) over the Bahia Blanca region during the period
1970-2008 were assessed. The dataset used is the National
Center for Environmental Prediction—National Center for
Atmospheric Research (NCEP-NCAR) gridded reanalysis
(Kalnay et al. 1996).

Dissolved inorganic nutrients

Water samples were filtered through Watman GF/C filters
and frozen in plastic bottles until analysis. Dissolved nitrate
(NO3), nitrite (NO; ), ammonium (NH), phosphate
(PO;™) and silicate (SiO,) concentrations were measured
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Fig. 1 Map of the inner zone of
the Bahia Blanca Estuary BAHIA L BAHIABLANCA

showing the location of the
sampling station Puerto
Cuatreros (indicated by the
symbol filled circle)

62°24'W

according to APHA (1998) using a Technicon AA-II
Autoanalyzer expanded to five channels. Total dissolved
inorganic nitrogen concentration (DIN) was calculated as
the sum of NO;, NO; and NH; .

Chlorophyll determinations

Chlorophyll concentration (in pg 17') was measured with
spectrophotometer using the method described in APHA
(1998). Water samples (250 ml) were filtered through
Whatman GF/C filters, which were immediately frozen and
stored at —20°C. Pigment extraction was done in 90%
acetone for 20 min at ambient temperature.

Phytoplankton enumeration

Phytoplankton was identified at species level using a Zeiss
Standard R microscope and a Nikon Eclipse microscope,
with magnification of 1,000x and phase contrast. For the
phytoplankton identification, we largely followed Ross
et al. 1979, Gayoso 1981, 1988, 1989 and Thomas 1997,
among other specific references on diatom taxonomy. The
phytoplankton abundance (in cells 17') was determined
using a Sedgwick-Rafter chamber (1 ml) which was con-
sidered as a suitable size due to the amount of suspended
particles. The entire chamber was examined at 200x, and
each cell was counted as a unit.

Historical data compilation

All published phytoplankton data (Gayoso 1989, 1998,
1999; Pettigrosso and Popovich 2009; Popovich 1997,
2004; Popovich and Gayoso 1999; Popovich and Marco-
vecchio 2008; Popovich et al. 2008a) were compiled to
compare the phytoplankton annual pattern observed in the

BLANCA Estuary

38°48°S

62°18'W

period 2006-2008 with the one previously described in the
estuary.

Statistical analysis

From the thirteen available years in the literature
(1978-1982, 1988-1994 and 2002) in which chlorophyll
concentrations and phytoplankton densities were recorded
weekly or twice a week, we calculated the monthly means
and their respective 95% confidence intervals. Afterward,
three main periods were formed for comparison: (1)
1978-1982, (2) 1988-1994 (consecutive years), and (3)
2002-2007 (3 years, 2002, 2006 and 2007). These periods
were compared by applying non-parametric Mann—Whit-
ney tests on monthly chlorophyll concentration and phy-
toplankton abundance during the blooming winter episode
(from May to September). In addition, coefficients of
variation (CV) were estimated to evaluate the annual var-
iability of chlorophyll and phytoplankton abundance (after
log-transformation) within each period. In addition, in
those years where the phytoplankton enumeration was done
up to species level, we compared species-specific maximal
abundances reached during the winter bloom.

The interannual variability of phytoplankton abundance
and chlorophyll concentration was analyzed in their stan-
dardized and non-dimensional form as standard deviations
(SDs) from the mean of the reference period 1978-2002.
This allowed assessing the magnitude of changes, expres-
sed as SD from the global mean and to identify patterns in
their interannual variability.

Changes in the phytoplankton bloom during the three
specified periods were evaluated by computing the proba-
bility density distribution of phytoplankton during the
months May to September. Density distribution was esti-
mated using non-parametric Kernel smoothing. This allows
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assessing changes in the probability distribution of the
phytoplankton bloom that have occurred in the period
investigated (Jones 1990). Also, to evaluate potential shifts
in the timing of the winter bloom, the onset and the decline
were defined according to Gayoso (1998) in Julian days
and then analyzed by regression analysis. According to
Gayoso (1998), the bloom usually started in late June when
cell densities rapidly increased by three orders of magni-
tude and chlorophyll a augmented fourfold above the
annual average within a few days. The decline of the bloom
was characterized by a dramatic reduction in cell densities,
generally in September.

Test for detecting departures from normality (Shapiro—
Wilk W-statistic), linear regressions and Mann—Whitney
Wilcoxon tests for sample comparisons were performed
using a software package developed at the Mathematical
Department of the Universidad Nacional del Sur, Argen-
tina. The probability density distribution and kernel
smoothing were done with MatLab software V.7 (Math-
works inc., 2005).

Results

Water temperature, salinity, precipitation
and dissolved nutrients

Water temperature changes registered at Puerto Cuatreros
for the periods 1974-1982, 1983-1992, 1993-2002 and
2006-2007 are shown in Table 1. Increases in both maxi-
mum and minimum values were apparent with a highest
record of mean and minimum values in 2006. The fort-
nightly variability of temperature from January 2006 to
February 2008 showed similar patterns in both years, with
maximal values during summer (Fig.2a). The mean
salinity over the period 1974-2002 (the only period
available in the literature) was 32.8 4 3.7 (minimum 17.3,
maximum 41.9). During the period 2006-2008, the salinity
was higher and, like temperature, it presented maximal
values during summer (Fig. 2a). Conversely, in winter, the

Table 1 Mean water surface temperature at Puerto Cuatreros station

Mean SD Min. Max.
1974-1982 13.9 55 4.3 239
1983-1992 14.7 5.7 4.1 26
1993-2002 14.7 5.6 5.1 25.6
2006 15.7 5.5 8.2 25.2
2007 13.9 53 4.6 24.1

The data from 1974 to 2002 were adapted from Freije and Marco-
vecchio (2004)

SD standard deviation, Min. minimum, Max. maximum
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Fig. 2 Temporal variation in a water surface temperature, b precip-
itation and ¢ dissolved nutrient concentration (phosphate, silicate and
DIN = ammonium + nitrite 4+ nitrate) in Puerto Cuatreros from
January 2006 to February 2008. In (b), the monthly average
precipitation during the period 1980-2005 is represented as a line
and repeated twice

salinity showed different patterns between 2006 and 2007,
probably in response to the differences in the precipitation
regime, as we will discuss later. In winter 2006, hydro-
graphic conditions were anomalously warm (minimum of
8.2°C) and salty (maximum 34.8 + 1.4). During 2006—
2008, precipitation was low (434 mm in 2006 and 392 mm
in 2007) compared to the period 1980-2005 where mean
precipitation values registered in the estuary reached
614 mm (Fig. 2b). Dissolved nutrients concentrations in
2006-2008 were similar to the historical records with a
marked annual depletion in early spring (Fig. 2c). The
mean values (in pmol 17') during the periods 1974-2002
(the only period available in the literature, Freije and
Marcovecchio 2004) and 2006-2008 with their respective
standard deviations were 1.77 £ 1.86 and 2.26 £ 1.97 for
nitrite, 8.02 £+ 13.64 and 10.06 £ 6.50 for nitrate, 32.31 +
25.78 and 28.52 + 14.41 for ammonium, 1.83 & 2.25 and
2.92 + 1.49 for phosphate and 87.30 + 31.46 and 82.11 &
27.50 for silicate, respectively. Regional precipitation
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showed a trend to decrease, while regional atmospheric
temperature showed a significant growing trend (Fig. 3).

Seasonal variability of phytoplankton community:
1978-2002

The data compiled for the years 1978-2002 showed a
recurrent unimodal annual pattern of phytoplankton
(dashed lines in Fig. 4) characterized by a winter—early
spring diatom bloom. Although interannual variations were
noticed, as shown in Fig. 4 by the 95% confident intervals
of each monthly mean, the blooming episode took place
every winter. The recurrent pattern was registered not only
in the magnitude of the bloom in terms of chlorophyll
concentration and phytoplankton abundance but also in the
dominance of blooming species (Table 2). The winter—early
spring bloom lasted for 3 months, the onset was typically in
June and the decline in early September. Maximal annual
values of chlorophyll concentration were 54 pg 17! in July
1980 and 44 pg 17" in July 2002, and the maximal phyto-
plankton abundance registered reached 12,720 x 10° cells
1"" in July 1991. The genus Thalassiosira was the most
conspicuous component of the phytoplankton winter
bloom in abundance and species richness (7. curviseriata,
T. anguste-lineata, T. rotula, T. pacifica, T. eccentrica and
T. hibernalis) followed by the genus Chaetoceros (4 species)
(see Table 2 for maximal winter abundances). Thalassiosira

L

0 \\\Uu\\\LI—l_l—W_'
-1 4

Z-scores

o
TTIR

Z-scores
o

mm
LI_I_I’_]_I‘U—U_"’“““““‘

-3
1970 1976 1982 1988 1994 2000 2006

Fig. 3 Standardized and non-dimensional form of a precipitation and
b temperature in the Southern Hemisphere as standard deviations
(SDs) from the means of the period 1970-2007 and 1975-2008,
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Fig. 4 Temporal variation in a chlorophyll a concentrations and
b abundances of phytoplankton. The period 2006-2008 was sampled
fortnightly from January 2006 to February 2008; the period 1978-
2002 is based on monthly means (vertical bars are the 95% confidence
intervals) of eleven non-consecutive years sampled fortnightly or
weekly. The long-term mean annual cycle (1978-2002) is repeated
twice

curviseriata was by far the most abundant species in the
phytoplankton annual cycle; it was observed all year-round
with a strong peak in winter. The highest densities showed
by this species varied between 2.8 x 10° and 12.7 x 10°
cells 17", Some non-blooming species (i.e. other diatoms,
dinoflagellates and the Xantophyceae Ophiocytium sp.;
sensu Popovich et al. 2008a) also appeared during the
blooming season (Table 2), although they were less recur-
rent and showed important interannual variations. In 1981, a
noticeable peak (4.3 x 10° cells 1™") of Ditylum brightwellii
was registered during the phytoplankton bloom whose
overall magnitude was particularly low (up 8 x 10° cells
171). The mean water temperature in winter 1981 was 11°C,
which corresponded to the maximal value registered
between 1978 and 1992 in the sampling station (Gayoso
1998).

Seasonal variability of phytoplankton community:
2006-2008

Chlorophyll

The chlorophyll concentration was highly variable in the
years 2006-2008 (coefficient of variation = 86%) and
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Table 2 Maximal abundances (in cells ™' x 10°) of the phytoplankton species present during the period May—September at Puerto Cuatreros
station compiled from the literature and from the present study (2006 and 2007)

Gayoso Popovich (1997), Pettigrosso and Popovich This study
(1988, 1989, 1999) Popovich and Popovich (2009) et al. (2008a)

Gayoso (1999),

Popovich and

Marcovecchio (2008)
Study years 1978-1991 1991-1993 1994 2002 2006 2007
Blooming species
Thalassiosira curviseriata (6-21.5) 9,392% 12,737 6,000 2,825 100 140
T. anguste-lineata (21-29) 456 2,000* 260 ab ab
T. pacifica (22.5-33) 680 900 387 733
T. rotula (27-45) 348 320 ab ab
T. hibernalis p-ni 820 ab ab
T. eccentrica (25-48) 456 620 227 180
Chaetoceros similis (10-21) 5,610% 2,258%* 1,000%* 1,580 ab ab
C. ceratosporus (8—18) 160 3 260
C. diadema (10-36) 960 256 120
Chaetoceros sp.1 (3-8) 680 8 5,367
Non-blooming species
Thalassiosira sp. (15-45) p-ni 288 780 ab 370 533
T. hendeyi (27-52) p-ni 53 p-ni 40 ab ab
Chaetoceros debilis (10-28) 140 73 42 ab 35 2,653
Guinardia delicatula (8-47) 400 231 200 470 1,333 93
Leptocylindrus minimus (2-5.5) 940 p-ni p-ni 360 153 360
Skeletonema costatum (5-10.5) 1,300 900 105 120 111 280
Cyclotella sp. (5-12) Ab p-ni ni 460 1,283 716
Asterionellopsis glacialis (7-8) 500 32 p-ni 460 ab ab
Cylindrotheca closteriumn (3.5-7) p-ni p-ni p-ni 44 ab ab
Ditylum brightwellii (25-60) 430 288 780 140 373 27
Cerataulina pelagica (18-30) 100 53 p-ni 180 ab ab
Scripsiella trochoidea (14-22) 2,700 p-ni ni 80 ab ab
Ophiocytium sp. (6.5-15.5) 100 ni ni ab 85 9

In addition, the diameter of the species is indicated in brackets in pm

p-ni species present but no information available of its abundance, ni no information available, ab species absent in the samples

*Denotes the sum of the abundance reached by the species below the respective value

showed numerous peaks. The values ranged between 0.23
and 24.55 pg 17! (Fig. 4a). The 2 years had similar annual
mean chlorophyll concentration: 5.8 pg 1™' in 2006 and
5.6 pgl™' in 2007, with maximal values during winter,
19.97 pg 17! in 2006 and 24.55 pg 17" in 2007.

Bloom dynamics

The phytoplankton variability showed several peaks during
the sampling period (Fig. 4b). The first peak in 2006 was
observed ca. mid-summer (February—March), and it was
characterized by phytoplankton densities ca. 2,271 x 10°
cells 17" and 12.06 pg 1= of chlorophyll concentration.
The second peak occurred in late autumn—early winter
period (June—July), when the density reached up to
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2,267 x 10* cells 17" and chlorophyll concentration
reached a maximum of 19.97 pg 17", A third peak in 2006
appeared late winter (August—September) with phyto-
plankton densities that reached up to 1,792 x 10° cells 1™
and chlorophyll concentration of 14.94 pg 17", In 2007, the
first peak of abundance occurred in mid summer (Febru-
ary), and it was characterized by phytoplankton densities
of 1,343 x 10* cells 17" and 7.38 ug 1=' of chlorophyll
concentration. The second peak persisted almost during the
entire winter season (June to August). The phytoplankton
density reached 8,032 x 10° cells 1!, and the chlorophyll
concentration was 24.55 pg 17", During summer 2008, a
peak was found in January, and it was characterized by
densities of 4,960 x 10° cells 17" and chlorophyll con-
centration of 11.48 pg 17",
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Species composition

The phytoplankton community was dominated by diatoms
during the whole sampling period (Fig. 5). The Xanto-
phyceae Ophiocytium sp. was relatively abundant (244 x
10* cells 17') during summer 2008. Small flagellates
(2-20 pm) and some dinoflagellates were also present
but with relatively low abundances (e.g. the maximal
concentration of Scrippsiella trochoidea reached 30 x 10°
cells 17! during early spring). A few diatoms species were
responsible for the maximal abundance peaks previously
described (Figs. 4b, 5). These species were Thalassiosira
minima (summer peaks), Cyclotella sp. (late autumn—early
winter peak 2006), Guinardia delicatula (late winter peak
2006) (Fig. 5a), Chaetoceros sp. 1, C. ceratosporus and
C. debilis (winter peak 2007) (Fig. 5b). Thalassiosira
minima represented more than 75% of the total phyto-
plankton abundance in the summer peaks. It reached a
maximum on January 2008 with 4,267 x 10° cells 17"
(86% of the total abundance). In the summer peak 2006,
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Fig. 5 Seasonal variation in the abundance of the most frequent
species in the phytoplankton community at Puerto Cuatreros station
during the period 2006-2008. a Other diatom species, b Chaetoceros
spp. and ¢ Thalassiosira spp. The phytoplankton abundance in the

y-axis is expressed in logarithmic scale

T. curviseriata appeared as the second most frequent
species (Fig. 5c), with abundances over the 10% of the
samples (320 x 10° cells 17"). In the late autumn—early
winter peak 2006, Cyclotella sp. (diameter 5-12 um) was
present at a maximal concentration of 1,283 x 10° cells
17! (56% of the total abundance) followed by Thalassi-
osira sp. (diameter 15-45 pm) with an abundance of
370 x 10° cells 17", In the late winter 2006 (August—
September), a short-term succession of phytoplankton
peaks was observed. This was characterized by a domi-
nance of Chaetoceros diadema, which accounted for the
77% of the total phytoplankton abundance on August 16.
Afterward, on August 31, Thalassiosira pacifica, Guinar-
dia delicatula and T. eccentrica were dominant and
accounted for the 34, 32 and 20% of the total abundance,
respectively. Finally, on September 15, the species
G. delicatula (74% of the total abundance) with a popu-
lation density of 1,333 x 10° cells 17" and Dirylum
brightwellii (21% of the total abundance) were by far the
most abundant ones. In 2007, Thalassiosira curviseriata
(467 x 10> cells 17" and Leprocylindrus
(243 x 103 cells 17]) co-dominated in the samples on June
8 with 39 and 20% of the total abundance, respectively.
On June 29, a small unidentified Chaetoceros (diameter of
3-8 um and delicate, short setae), here called Chaetoceros
sp. 1, reached maximal densities of 5,367 x 10% cells 17",
This species represented 67% of the total abundance. From
June 22 to July 10, other species were also found with
relatively high abundances as Chaetoceros ceratosporus,
Cyclotella sp., Leptocylindrus minimus, Thalassiosira sp.
and T. pacifica. On July 17, 65% of the phytoplankton
abundance was due to Chaetoceros debilis that reached
high densities (2,653 x 10° cells 171).

minimus

Long-term changes of the winter bloom

The mean chlorophyll concentration observed during the
months May—September in the three analyzed periods
(1978-1982, 1988-1994 and 2002-2007) was 15.9, 15.7
and 10.1 pg 171, and their CV were 15.1, 11.7 and 21.6%,
respectively (Fig. 6a). Statistical evidence was found
that the magnitude of the peak in terms of chlorophyll
concentration was significantly different between the
periods 1978-1982 and 2002-2007 (Mann—Whitney test;
P < 0.05), with a decline of about 65% in the latter period.
A significant reduction (about 69%) in the maximum of
phytoplankton abundance was also found in 2006-2007
compared with the former years 1978-2002 (Fig. 6b),
although these variations were not significant when com-
paring the mean values of phytoplankton abundances
during the three periods 1978-1982 (CV of 16.5%),
1988-1994 (CV of 5.1%) and 2002-2007 (CV of 2.7%)
(Mann—Whitney test; P > 0.05).
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Fig. 6 a Mean annual values of chlorophyll a concentration (points)
during the blooming months (May—September) with their standard
deviations (vertical lines). The horizontal dashed lines represent the
mean values of the three groups of years (1978-1982, 1988-1994 and
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abundance during the blooming period (May—September) and the
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The analysis of chronological changes in the winter
bloom showed a decreasing pattern in both chlorophyll
(Fig. 7a) and phytoplankton abundance (Fig. 7b) that
was accentuated in the last 2 years, as shown by the SD
from the mean of the period 1978-2002. These changes
were also observed in the interannual dispersion of the
phytoplankton abundance between May and September
(Fig. 8a). Higher variability at the annual scale was found
during the first years related to the pronounced magnitude
in the winter bloom that substantially decreased in recent
years, which explain the observed lower variability of
phytoplankton abundance. This was illustrated by the
density distribution of the phytoplankton abundance in the
winter bloom, which showed marked differences among
the three periods (Fig. 8b). The pattern in the periods
1978-1982 and 1988-1994 displayed a narrow peak driv-
ing by the dominance of few species. Conversely, we found
that in the last years such pattern has dramatically changed
toward a wider dome-shaped typology, related to the
decrease in the few dominant species and the occurrence of
new ones. Regarding the timing of the phytoplankton
winter bloom (Fig. 8c), in 2006 and 2007, it started
significantly earlier (R*> = 0.502 P < 0.01) in May (Julian
days 124-130) than in previous years, around June—July
(Julian days 154-184). On the other hand, the decline of
the bloom moved forward slightly (R* = 0.269 P < 0.05).
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Fig. 7 Standardized and non-dimensional form of a chl a concentra-
tion and b phytoplankton abundance during the winter bloom as
standard deviations (SDs) from the means of the period 1978-2002

Discussion
Changes in phytoplankton community structure
Species-specific changes

Despite the high variability in the estuarine habitat, the
phytoplankton in the Bahia Blanca Estuary showed a quasi-
regular annual pattern, characterized by a winter bloom
during the period 1978-2002. Such annual pattern showed
few interannual changes in the relative abundances of some
species (e.g. Skeletonema costatum, Ditylum brightwellii,
Guinardia delicatula), duration and magnitude (Popovich
et al. 2008b and references therein). From 1978 to 2002, the
bloom was dominated by the same assemblage of species:
Thalassiosira curviseriata, T. hibernalis, T. anguste-lineata,
T. rotula, T. pacifica, Chaetoceros similis, C. ceratosporus,
C. debilis and C. diadema. From this group, Thalassiosira
curviseriata has been the dominant species accounting for
60-90% of the total number of cells (Popovich and Gayoso
1999). However, in the last few years, the Bahia Blanca
Estuary showed significant changes in the dynamics and
composition of the phytoplankton bloom. The most
noticeable changes between the years 1978-2002 and
2006-2008 were the shifts of the unimodal annual pattern by
numerous episodes of phytoplankton growth throughout the
latter period. These bloom events (sensu Smayda 1997)
were generally short (~ 15 days) and characterized by
unknown blooming species so far in the Bahia Blanca
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Fig. 8 a Box-plots describing the distributions of the phytoplankton
abundance during the blooming period. The horizontal lines across
the boxes correspond to the lower quartile, median and upper quartile
values. The whiskers are lines extending from each end of the box to
show the extent of the rest of the data. b Density distribution of the
phytoplankton abundance (dimensionless) during the winter bloom in
the periods 1978-1981, 1988-1994 and 2002-2007. ¢ Timing of the
phytoplankton annual bloom indicated by the onset and decline of the
bloom expressed in Julian days

Estuary. These results illustrate the modification undergone
by the phytoplankton assemblage (Table 3): shifts in species
predominance (i.e. replacement of 7. curviseriata), trends of
increasing abundance of specific species (i.e. T. minima and
Cyclotella sp.) and disappearance (7. rotula, T. anguste-
lineata, T. hibernalis), as well as the occurrence of irregular
growth events (Chaetoceros sp. 1).

In pelagic communities, the appearance of new species
followed by the persistence, perennial predominance or
even establishment as keystone species has been increas-
ingly documented (Smayda 1998; Hays et al. 2005), and
some changes have been related to long-term environmental

variations (Lange et al. 1992, Thackeray et al. 2008). In
particular, this is the case of the Cyclotella taxa that has
increased its abundance in lakes since the nineteenth cen-
tury apparently in response to global warming (Riihland
et al. 2008, Winder et al. 2008). The rising temperatures
enhance water stratification in lakes and nutrient depletion
in surface layers. Such conditions favor the dominance of
small-sized diatoms like Cyclotella spp. as they present
higher surface to volume ratios and lower sinking velocities
and small diffusion boundary layers (i.e. more efficient
nutrient uptake and superior ability to harvest light). This
mechanism, however, does not seem to explain the domi-
nance of smaller species (e.g. Cyclotella sp., Chaetoceros
sp.1) in recent years in the Bahia Blanca Estuary, where the
water column is nutrient-rich and completely mixed all
year-round. Alternative explanations for the increase of
these species seem to be related to the hydroclimatic
modifications experienced in the estuary in the last years.
These changes in the environment could have directly
affected the ecological niches and the species-specific
interactions in the phytoplankton leading to shifts in the
community composition. However, indirect effects trough
changes in the community structure of zooplankton could
also be related to the new occurrence of smaller diatom
species, as we will discuss later.

Modifications in magnitude, size structure and phenology
of phytoplankton

In the years 2006 and 2007, except for one phytoplankton
growth event in winter 2007 (8 x 10° cells 171), winter
bloom lasted for no longer than 1 month and was signifi-
cantly lower in magnitude (65-69%) compared to the
winter bloom reported in earlier studies (Popovich et al.
2008b and references therein). Together with the unchanged
phytoplankton densities, the significantly lower mean
chlorophyll concentration in the years 2006 and 2007
suggests a shift within the diatom assemblage, from a
dominance of large cells (i.e. Thalassiosira curviseriata,
T. hibernalis, T. rotula, T. anguste-lineata, T. pacifica)
toward smaller ones (Chaetoceros sp. 1, Cyclotella sp.). In
the last decades, increasing evidence for changes in
plankton size structure has been reported worldwide
in relation to global warming (Daufresne et al. 2009; Moran
et al. 2009). Temperature effects on the size structure (i.e. a
reduction in the mean size) have been detected in micro-
zooplankton (Molinero et al. 2006), stream fish communi-
ties (Daufresne and Boét 2007; Genner et al. 2010) and
suggested in pelagic marine copepods (Beaugrand et al.
2003). Other field studies (Gomez and Souissi 2007
Wiltshire et al. 2008; Winder et al. 2008) and empirical
investigations (Sommer and Lengfellner 2008) have
reported a decrease in the mean cell size of the blooming
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Table 3 Classification of the most frequent species in the phytoplankton community in the inner zone of the Bahia Blanca Estuary according to

their annual occurrence

All year-round,
no abundance peaks

Episodic peaks
occurrences

All year-round,
peaks only during
winter bloom

Trend:
increasing
abundance

Present only
during winter
bloom

All year-round,
dominant during
winter bloom

A B A B

A

B A B A B A B

Asterionellopsis glacialis
Chaetoceros sp. 1 X
C. debilis

C. diadema

C. ceratosporus

C. similis
Cyclotella sp.
Ditylum brightwellii

Guinardia delicatula

Lo B B

Leptocylindrus minimus

Lo B

Skeletonema costatum
Thalassiosira sp. X
T. anguste-lineata

T. rotula

T. hibernalis

T. curviseriata X
T. eccentrica X X
T. minima

T. pacifica X
T. hendeyi X X

Paralia sulcata X X

Minidiscus chilensis
Ophiocytium sp. X X

Scripsiella trochoidea X X

X

ab

Ll B R R
>

ab

The old classification described by Gayoso (1988, 1999) and Popovich et al. (2008a) based on the period 1978-2002 (A) is contrasted with the
novel classification based on the period 2006-2008 (B) described in this work

ab species absent in the samples

species with increasing water temperature. In agreement to
this, the replacement of large cells during the winter bloom
by smaller ones could be related to the enhanced water
temperatures trough shifts of the species environmental
optimum for growth (e.g. Gebiihr et al. 2009) or changes in
grazing rate or selectivity of zooplankton (Sommer and
Sommer 2006; Sommer and Lengfellner 2008).

Regarding the phytoplankton dynamics during the
bloom, our results showed that in the periods 1978-1981
and 1988-1994, the bloom was dominated by a single
major bloom between June and August, while in the period
2002-2007, it was composed by several bloom events from
May to September. This is consistent with modifications in
the periodicity of the main peak of chlorophyll around
1990 that shifted from a 12-month period to a 6-month
period (Winder and Cloern 2010). The former pattern was
characterized by the phytoplankton biomass accumulation
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in winter—early spring while the latter showed both phy-
toplankton peaks, in winter—early spring and in summer.
This might be related with the decrease or disappearance of
the dominant blooming species and the successive peaks of
different species observed in recent years. Particularly
noticeable was the marked decrease in Thalassiosira
curviseriata, which in the past dominated the winter
assemblages forming almost monospecific blooms but in
the last years has been almost absent. In addition, as
suggested by our results, the winter diatom bloom in the
Bahia Blanca Estuary has moved forward ca. 1 month,
likely in relation to the observed increase in salinity and
temperature. In agreement to this, rising temperatures in
both marine and freshwater systems have been directly
related to the advancement of phenological events in phyto-
and zooplankton (Parmesan and Yohe 2003, Edwards and
Richardson 2004).
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Potential underlying mechanisms
Environmental changes

The effect of the climate warming on water temperature
and salinity has been found more pronounced in shallow
and semi-enclosed areas like the head of the Bahia Blanca
Estuary (mean depth: 10 m and residence time ca.
28 days), where evaporation is high and river runoff is low
(Freije and Marcovecchio 2004). The reduction in precip-
itation in the last years has reduced the flow of freshwater
and consequently has led to an increase in salinity. In
particular, the precipitation rate in 2009 has been the third
lowest in the last century in the Bahia Blanca region.
Temperature is a key parameter affecting physiological
rates at the individual level (e.g. enzymatic reactions,
respiration, rates of feeding) impacting growth rate, body
size and generation time (Peters 1983; Mauchline 1998).
Salinity has also important implications in plankton phys-
iology, like on copepod hatching success (Berasategui et al.
2009), germination of resting stages, growth rates and
development of phytoplankton blooms in coastal waters
(McQuoid 2005; Shikata et al. 2008; Gebiihr et al. 2009).
As phytoplankton species have different tolerances to
variations in salinity and temperature (e.g. Gebiihr et al.
2009), changes in these parameters have probably triggered
a reorganization of diatom community structure in the
estuary. These changes have likely favored the develop-
ment of the fast-growing opportunistic species, which are
able to exploit open niches and may establish as dominant
in the system (Cloern and Dufford 2005). A particular
example of a significant increase in the population abun-
dance of a diatom due to shifts in its ecological niche is the
case of Paralia sulcata at Helgoland Roads in the North
Sea (Gebiihr et al. 2009). The increased occurrence of
this species seems to be related to changes in temperature,
light and nutrient conditions, which lead a shift from a
specialized to a more generalized niche of P. sulcata.
Accordingly, we suggest that the hydrometeorological
changes observed in the last decades in the Bahia Blanca
Estuary could be in part responsible for the occurrence of
the diatoms Cyclotella sp., Chaetoceros sp.1 and Thalassi-
osira minima. Future experimental analysis of the response
of these species to environmental parameters in mono-
and multicultures will be performed to determine their
ecological niches. A detailed study of the species-specific
interactions has to be considered to allow deeper insights
into the intrinsic properties of the community.

Dissolved nutrient concentrations

The assessment of the dynamics of dissolved nutrient
concentrations in the Bahia Blanca Estuary did not reveal

any change in the general annual pattern (Freije and
Marcovecchio 2004, Popovich and Marcovecchio 2008,
Popovich et al. 2008a). This suggests that the long-term
changes in the phytoplankton community structure were
not related to modifications in nutrients supply. Support to
this was also given by the absence of any shift in taxo-
nomic groups (diatoms toward non-diatoms species), as it
was observed in other systems where significant changes in
nutrient ratios have been reported (Cloern 2001). Instead,
in the Bahia Blanca Estuary, a dominance of diatoms was
observed throughout the whole period (1978-2008). On the
other hand, taxonomic group species have different nutrient
concentration/ratios requirements (Sommer 1993) which
may explain modifications in species dominance.

Zooplankton pressure

Concurrent with the hydrological changes and the potential
shift in nutrient ratio, trophodynamics interactions could
also been affected in the estuary leading to a reorganization
of the phytoplankton community composition. Growth and
grazing of consumers are strongly influenced by thermal
conditions. Aberle et al. (2007) showed that an increase in
the winter temperature produces accelerated growth and
large ciliate biomass, altering the specific composition and
creating an asynchrony between the components of the
plankton. Previous studies on trophic groups in the Bahia
Blanca Estuary have shown a close correlation between the
largest aloricate ciliates and the size fractions of the phy-
toplankton (Pettigrosso and Popovich 2009). During the
winter diatom bloom, long chains of diatom have been
observed inside large ciliates, although the magnitude of
ciliates predation on phytoplankton has not been quantified
(Barria de Cao et al. 2005). The lack of information in
regards to the zooplankton pressure on the phytoplankton
community of the Bahia Blanca Estuary precludes quanti-
fying the real effect of predation. The mesozooplankton is
dominated by the copepod Acartia tonsa most of the year,
which peaks in summer (January—March) and shows min-
imum abundances during the phytoplankton bloom (June—
August) (Hoffmeyer 2004). Also, the copepod Eurytemora
americana dominates during late winter—spring and feeds
almost exclusively on blooming diatoms (Diodato and
Hoffmeyer 2008). Studies on the environmental regula-
tion of the key copepods in the estuary, A. fonsa and
E. Americana, have revealed a close link between their
population dynamics (abundance, eggs production and
hatching success) and water temperature and salinity
(Berasategui et al. 2009; Hoffmeyer et al. 2009). In addi-
tion, modifications in the seasonal pattern of ciliates (Pet-
tigrosso and Barria de Cao 2007) and copepods (Hoffmeyer
2004; Hoffmeyer et al. 2009) in recent years have been
documented in the Bahia Blanca Estuary. In a mesocosms
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study, Sommer and Lengfellner (2008) found higher grazer
activities in the warmer mesocosms due to enhanced meta-
bolic demand of copepods at higher temperatures, which
could explain both the decreased phytoplankton biomass
during the spring bloom and the shift toward smaller
phytoplankton at higher temperatures. This was also con-
sistent with the finding that copepods feed preferentially on
phytoplankton >500-1,000 um? cell volume (Sommer and
Stibor 2002; Sommer and Sommer 2006), while exerting
less grazing pressure on smaller ones. Based on these
observations and our results, we suggest two indirect
mechanisms to explain the potential temperature-depen-
dent shifts in phytoplankton size structure in the Bahia
Blanca Estuary. On the one hand, the new dominance of
small cells has likely affected the capture efficiency of
copepods leading to a larger magnitude in the bloom
of such species. On the other hand, potential shift in grazing
selectivity toward predation of large cells could have
eventually triggered the dominance of the smaller ones.
Further studies on zooplankton dynamics should be con-
sidered in order to disentangle potential match—-mismatch
situations or a top—down control of the phytoplankton
community structure.

Underwater light conditions

Changes in the underwater light conditions due to possible
modifications in turbidity could also be responsible for the
shifts observed in the phytoplankton dynamics in recent
years. Experimental studies of blooming species (e.g.
Thalassiosira curviseriata) isolated from the Bahia Blanca
Estuary showed that the phytoplankton community in the
inner zone of the estuary was adapted to growth at rela-
tively low light intensities i.e. growth became inhibited at
~150 pEm~2 s™! under laboratory conditions (Popovich
and Gayoso 1999). In addition, seasonal variability in
water turbidity was not noticed in previous years (Popovich
and Marcovecchio 2008) whereas in 2007, the winter
phytoplankton bloom (dominated by Chaetoceros sp.1)
occurred when water transparency increased as a conse-
quence of significant shifts in wind effect (Guinder et al.
2009). Similarly, in the Narragansett Bay (USA), changes
in the phytoplankton annual pattern over the last 50 years
(i.e. decrease in the winter—spring bloom and occurrence of
relatively short diatom blooms in spring, summer and fall)
have been related to warming water especially in winter,
cloudiness and a significant decline in the wind speed
(Nixon et al. 2009).

Concluding remarks

We stress the importance of investigating the specific
composition of phytoplankton assemblages to identify
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species-specific changes that shape the long-term varia-
tions of the community. The changes in phenology and
structure of phytoplankton in the Bahia Blanca Estuary are
likely related to the noticeable warmer and drier weather
conditions during the last decade. However, a thorough
assessment of the drivers of the observed long-term chan-
ges can only be achieved by investigating dynamics of
nutrient ratios, species-specific interactions and grazing
pressure. The results presented here are likely indicators of
more complex modifications in the pelagic food web of the
Bahia Blanca Estuary and may be considered as a baseline
for further investigations. They also stress on the impor-
tance of maintaining long-term ecological surveys in order
to track the ecosystem state of estuaries.
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