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ABSTRACT. Environmental changes driven by intense human disturbance and natural processes govern the abundance and distribution
characteristics of two picophytoplankton groups (Synechococcus and picoeukaryotes). Picophytoplancton and high DNA (HDNA) and low
DNA (LDNA) bacteria groups, identified by flow cytometry, were assessed during the autumn monsoon transition period in Daya Bay
(South China Sea). The abundance of Synechococcus and picoeukaryotes ranged from 2.16 x 10* to 1.45 x 10° cell mL~ and from 0.78 x 103 to
7.95 x 103 cell mL~, respectively. The abundance of HDNA bacteriain surface water (mean: 5.58 x 10° cell mL~t) was greater than in bottom
water (mean: 3.74 x 10° cell mL-2), with significant difference (n = 12, P = 0.05). The differencein LDNA abundances between surface (mean:
7.06 x 10° cell mL~?) and bottom (mean: 4.83 x 10° cell mL™) waters was insignificant (n = 12, P > 0.05). The results of the principal
component analysis showed that both picophytoplankton (Synechococcus and picoeukaryotes) and bacteria (HDNA and LDNA) were
positively related to nutrients (NO5-N, NH4-N, and SiO5-Si). Three subsystemsin the bay were identified asfollows: the west and east parts, the
central and northwest parts, and the mouth and central part.

Key words: picophytoplankton, bacteria, flow cytometry, Daya Bay.

RESUMEN. Los cambios ambientales generados por las actividades humanas y |os procesos naturales determinan las caracteristicas de la
distribucién y abundancia de dos grupos de picofitoplancton (Synechococcus y picoeucariontes). Se evaluaron las comunidades de
picofitoplancton y de bacterias con mayor (MaADN) y menor (MeADN) cantidad de ADN, identificadas mediante citometria de flujo, durante
el periodo de transicion intermonzonico en otofio en la bahia de Daya (mar de China Meridional). La abundancia de Synechococcus y
picoeucariontes varié entre 2.16 x 10*y 1.45 x 10° cél mL~1y entre 0.78 x 10%y 7.95 x 10° cél mL~, respectivamente. La abundanciadel grupo
bacteriano de MaADN fue mayor en el agua superficial (media: 5.58 x 10° c& mL™) que en el fondo de la bahia (media: 3.74 x 10° cél mL-Y),
con una diferencia significativa (n = 12, P = 0.05). No se observé una diferencia significativa entre la abundancia del grupo de MeADN en la
superficie (media: 7.06 x 10° c& mL™) y el fondo (media: 4.83 x 10° cél mL™) (n = 12, P > 0.05). Un andlisis de componentes principales
mostré que ambos grupos de picofitoplancton (Synechococcus y picoeucariontes) y bacterias (MaADN y MeADN) se relacionaron
positivamente con nutrientes (NO5-N, NH,-N y SiO5-Si). Seidentificaron tres subsistemas en la bahia: 1as partes oeste y este, las partes central
y noroeste, y labocay parte central.

Palabras clave: picofitoplancton, bacterias, citometria de flujo, bahia de Daya.

INTRODUCTION INTRODUCCION

Coastal bays are very complex and fragile ecosystems Las bahias costeras son ecosistemas muy complejos y
affected by human activities and natural processes such as frégiles, afectados por actividades humanas y fenémenos
monsoons (Jickells 1998). Half of the world's population naturales como |os monzones (Jickells 1998). La mitad de la
now lives within 60 km of the coast. Coastal pollution often poblacién mundial actuamente vive dentro de los primeros
results in adverse conditions leading to the development of 60 km de la costa. La contaminacion costera frecuentemente
harmful algal blooms and/or eutrophication. This has resulted genera condiciones adversas que provocan €l desarrollo de
in an ecological unbalance, the loss of biodiversity, and the afloramientos algales nocivos y/o la eutrofizacion. Esto ha
rapid reduction of biological resources (Wu et al. 2012). causado un desequilibrio ecolégico, una pérdida de biodiver-
Moreover, there is a large input of pollutants to the coastal sidad y unadisminucion de los recursos biol 6gicos (Wu et al.
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seas as a result of the land and ocean interaction in the
coastal zone.

Daya Bay (South China Sea) is a special ecosystem under
strong pressure or impact from natural phenomena (Southeast
Asian monsoons) and anthropogenic activities (e.g., aquacul-
ture, nuclear power plants) (Xu 1989, Wang et al. 2006,
Wu and Wang 2007, Wang et al. 2008, Wang et al. 2009).
Pollutants entering a bay system normally result from many
transport pathways including wastewater, runoff effluents,
land reclamation, recreation, and fish culture, as well as
atmospheric deposition and climate change. This complex
coastal system is the reason for the implementation of envi-
ronmental monitoring programs intended to produce a better
understanding and management of the ecosystems within it
(Wu and Wang 2007; Wang et al. 2008; Wu et al. 2009,
2010).

Whether this ecosystem influenced by human activities
and natural processes has a different spatial structure and
how this has affected the picophytoplankton community and
bacteriain the areais still unclear. This study was designed to
investigate the physical and chemical properties and phyto-
plankton and bacterial abundances in this coastal ecosystem
to identify whether the dynamics of the phytoplankton com-
munity and bacteria is associated with the autumn monsoon
transition period.

MATERIALS AND METHODS
Sudy area

Daya Bay (22°31'12"—22°50'00" N, 114°29'42"-114°49'42" E)
is located on the southern coast of China (fig. 1). The bay
water is administrated by the Shenzhen and Huizhou munici-
pa governments. Shenzhen manages the southwest coast
area of Daya Bay (Dapeng town and Nan Ao). Huizhou
manages the north and east coast area (Aotou, Danshui,
Xiachong, Nianshan, and Xunliao). In the past 30 years, the
rapid economic development and anthropogenic activities of
Shenzhen and Huizhou have greatly influenced the environ-
ment of this bay. For example, two nuclear power stations,
Daya Bay Nuclear Power Plant and Lingao Nuclear Power
Plant, have been operated since 1993 and 2003, respectively.
In addition, the marine aquaculture industry has been one of
the most important industries of the bay. The weaker south-
west monsoon prevails from May to September and the stron-
ger northeast monsoon from October to April.

Sampling and analysis

Seawater samples were taken from the surface (0.5 m
below the surface) and bottom (2 m above the bottom) at 12
stations (S1-S12) in January (winter), April (spring), August
(summer), and November (autumn) 2012. Temperature,
pH, and salinity at the surface and bottom depths were
determined by a Quanta Water Quality Monitoring System
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2012). Ademés, las aguas costeras reciben una gran cantidad
de contaminantes como consecuencia de la interaccion entre
latierray €l océano en la zona costera.

La bahia de Daya (mar de China Meridional) es un
ecosistema especia impactado fuertemente por fenémenos
naturales (monzones del Sureste de Asia) y actividades
antropogénicas (e.g., acuicultura, plantas de energia nuclear)
(Xu 1989, Wang et al. 2006, Wu y Wang 2007, Wang et al.
2008, Wang et al. 2009). Los contaminantes introducidos en
un sistema costero normal mente se asocian con las descargas
de aguas residuales, los efluentes de escorrentia, la reclama-
cion de tierras, €l cultivo de peces, actividades recreaciona-
les, la deposicion atmosféricay el cambio climético. Se han
realizado varios estudios ambientales en la bahia de Daya
para tener un mejor entendimiento y contribuir a un mejor
manejo de |os ecosistemas dentro de ella (Wu y Wang 2007;
Wang et al. 2008; Wu et al. 2009, 2010).

AUln no queda claro s este ecosistema impactado por
actividades humanas y procesos naturales tiene una estruc-
tura espacia diferente y si esto afecta las comunidades de
picofitoplancton y bacterias. El objetivo de este estudio fue
analizar las propiedades fisicas y quimicas, y la abundancia
de las comunidades fitoplanctonicas y bacterianas en este
ecosistema costero paraidentificar si ladinamicade lacomu-
nidad de fitoplancton y las bacterias se relaciona con €l
periodo de transicidn intermonzénico en otofio.

MATERIALESY METODOS
Areadeestudio

La bahia de Daya (22°31'12"—22°50'00" N,
114°29'42"-114°49'42" E) se locdliza en la costa sur de
China (fig. 1). El agua de la bahia es administrada por los
gobiernos municipales de Shenzhen y Huizhou. Shenzhen
administra la parte suroeste de la bahia (localidades de
Dapeng y Nan Ao), mientras que Huizhou administrala parte
norte y este (Aotou, Danshui, Xiachong, Nianshan y
Xunliao). Durante los pasados 30 afios, € rapido desarrollo
econémico y las actividades antropogénicas de Shenzhen y
Huizhou han afectado fuertemente el ambiente. La planta de
energia nuclear de la bahia de Daya inici0 operaciones en
1993 y la planta de energia nuclear de Lingao inicio opera-
ciones en 2003. La acuiculturamarinaesunade las industrias
més importantes de la bahia. El monzén del suroeste (més
débil) prevalece de mayo a septiembre y € monzon del
noreste (més fuerte) de octubre a abril.

Muestreoy andlisis

Se recolectaron muestras de agua de mar de la superficie
(0.5m por debgjo de la superficie) y e fondo (2 m por
encima del fondo) en 12 estaciones (S1-S12) en enero
(invierno), abril (primavera), agosto (verano) y noviembre
(otofio) de 2012. Se redlizaron mediciones de temperatura,
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Figure 1. Study area and location of sampling stations (S3 and S8 are aquaculture sites). The location of two nuclear power plants, Daya Bay
Nuclear Power Plant (DNPP) and Lingao Nuclear Power Plant (LNPP), and of the Marine Biology Research Station at Daya Bay (MBRS) is

shown.

Figura 1. Area de estudio y ubicacion de las estaciones de muestreo (S3 'y S8 son sitios de acuicultura). Se muestra la localizacion de las
plantas de energia nuclear de la bahia de Daya (DNPP) y Lingao (LNPP), asi como de la Estacidn de Investigacion en Biologia Marina

(MBRS) en labahia de Daya.

(Hydrolab Corporation, USA). Seawater samples for the
analysis of nutrients, chlorophyll a (ug L), chemical oxygen
demand (mg L), and 5-day biochemical oxygen demand
(mg LY were taken using 5-L GO-FLO bottles. Water
samples were analyzed for nitrate (NO5-N, umol L), nitrite
(NO,-N, umol L), silicate (SiO4-Si, umol L), ammonium
(NH,-N, pmol L), phosphorus (PO,-P, umol L), and total
phosphorous (umol L) by spectrophotometry (GB 17378.4-
2007 for Specifications for Oceanographic Survey, China).
Dissolved oxygen (mg L) was determined using Winkler
titrations. Two replicate samples of 1.5 L from the surface
and bottom depths were passed through 0.45-um GF/F filters
and the filtrate was deep-frozen immediately at —20°C. At
the end of the cruise, al filters were kept in liquid nitrogen
and transported to a shore-based laboratory. Within a week
after the sampling, chlorophyll a was extracted in 10 mL
90% acetone for 24 h in the dark, in a refrigerator, and the
chlorophyll a concentration was determined with a 10AU
fluorometer (Turner Designs, USA).
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pH y salinidad en lasuperficiey e fondo con un sistema para
el monitoreo de la calidad del agua (Quanta, Hydrolab
Corporation, EUA). Las muestras de agua de mar para €l
andlisis de nutrientes, clorofilaa (ug L), demanda quimica
de oxigeno (mg L) y demanda bioguimica de oxigeno a
los 5 dias (mg L) fueron recolectadas con botellas GO-FLO
de 5L. También se determinaron las concentraciones de
nitrato (NOs-N, umol L-2), nitrito (NO,-N, umol L-2), silicato
(SiO4-Si, umol L), amonio (NH,-N, umol L-%), fésforo
(PO,-P, umol L) y fosforo total (umol L) mediante espec-
trofotometria (GB 17378.4-2007, especificacion para mues-
treos oceanogréficos, China). El oxigeno disuelto (mg L) se
determind con e método de titulacion Winkler. Se pasaron
dos muestras replicadas de 1.5 L de agua superficia y del
fondo a través de filtros GF/F de 0.45 um y € filtrado se
liofilizd inmediatamente a—20 °C. Todos los filtros se mantu-
vieron en nitrégeno liquido y a final del crucero fueron
transportados a un laboratorio en tierra. Dentro de una
semana después del muestreo, se extrgjo la clorofila a con
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Picophytoplankton and bacteria defined by flow
cytometry

Samples for picophytoplankton and bacteria were prefil-
tered through a 20-pm mesh netting. Triplicate samples were
fixed with formaldehyde (2% final concentration) for 15 min
in 2-mL cryotubes, quick-frozen in liquid nitrogen, and ana-
lyzed as soon as possible by a FACSCalibur flow cytometer
(Becton Dickinson) equipped with alaser emitting at 488 nm
in the laboratory. To estimate the abundance of the different
groups, calibration of the cytometer flow rate was performed
daily and a solution of 1-um yellow-green latex beads
(Polysciences, USA) was added to 0.5-mL subsamples as an
internal standard. Abundances of picophytoplankton were
calculated by the ratiometric method from the known amount
of added beads, calibrated daily against the yellow-green
beads.

The population of heterotrophic bacteria was also identi-
fied and enumerated by flow cytometry using a FACScanto
flow cytometer (Becton Dickinson). Bacteria were then split
into high DNA (HDNA) and low DNA (LDNA) groups using
the differences in green fluorescence (Gasol et al. 1999).

Picophytoplankton and bacteria were only collected
during the autumn sampling.

Weather data

Air temperature, sea surface temperature, rainfall, and
wind data were obtained from the Meteorological Bureau of
Shenzhen Municipality (http://www.szmb.gov.cn/) and Hong
Kong Observatory (http://www.hko.gov.hk).

Principal component analysis

Principal component analysis (PCA) is designed to trans-
form the original variables into new, uncorrelated variables
(axes), caled the principal components, which are linear
combinations of the original variables. The new axes lie
along the directions of maximum variance (Shrestha and
Kazama 2007). It reduces the dimensionality of the data set
by explaining the correlation amongst alarge number of vari-
ables in terms of a smaller number of underlying factors
(principal components) without losing much information
(Vega et al. 1998, Helena et al. 2000, Alberto et al. 2001, Li
et al. 2009). In this study, PCA identified the seasonal
changes of environmental factors and the interaction between
environment and biology.

All mathematical and statistical computations were per-
formed using MATLAB 2010a (Mathworks, Inc., USA).

RESULTS
Environmental factors

Air temperature, sea surface temperature, and wind data
were obtained for Beijiao (Hong Kong, some 40 km from
Daya Bay). Air temperature showed a clear seasona
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10 mL de acetona a 90% durante 24 h en la oscuridad, en un
refrigerador, y se determinaron las concentraciones de cloro-
filaa con on fluorémetro 10AU (Turner Designs, EUA).

Deteccion de picofitoplancton y bacterias mediante
citometriadeflujo

Las muestras para la deteccion de picofitoplancton y
bacterias fueron prefiltradas a través de una malla de 20 pm
de diametro de poro. Se fijaron muestras triplicadas con
formaldehido (2% de concentracion final) durante 15 min en
criotubos de 2 mL y se congelaron rapidamente. Las mues-
tras fueron analizadas lo antes posible mediante un citémetro
de flujo FACSCalibur (Becton Dickinson) equipado con un
léser que emite a una longitud de onda de 488 nm. Para
estimar la abundancia de | os diferentes grupos, la calibracién
de la tasa de flujo se realizd diariamente y se adicioné una
solucién de bolas pequefias de l&tex de color verde amarillo
de 1 um (Polysciences, EUA) a submuestras de 0.5 mL como
un estdndar interno. La abundancia del picofitoplancton se
calcul6 con el método de enumeracion celular (ratiometric) a
partir de la cantidad conocida de bolas pequefias agregadas,
calibrada diariamente contra las bolas pequefias de color
verde amarillo.

La identificacion y enumeracion de la poblacion de
bacterias heterotréficas se realizd con un citdmetro de flujo
FACScanto (Becton Dickinson). Las bacterias se dividieron
en dos grupos, uno con mayor cantidad de ADN (MaADN) y
e otro con menor cantidad de ADN (MeADN), con base en
ladiferencia en fluorescencia verde (Gasol et al. 1999).

S6lo se recolectaron muestras de picofitoplancton y
bacterias en el otofio.

Datos climaticos

Se obtuvieron datos climéticos de la temperatura del aire,
temperatura superficial del mar, precipitacion pluvial, y velo-
cidad y direccion del viento de la Oficina Meteorolégicadela
Municipalidad de Shenzhen (http://www.szmb.gov.cr/) vy €l
Observatorio de Hong Kong (http://www.hko.gov.hk).

Analisis de componentes principales

Un andlisis de componentes principales (PCA por sus
siglas en inglés) esté disefiado para transformar las variables
originales en variables nuevas no correlacionadas (gjes),
[lamadas componentes principales, que son combinaciones
linedles de las variables originales. Los gjes nuevos reflejan
las direcciones de varianza maxima (Shrestha y Kazama
2007). El PCA reduce la dimensionalidad del conjunto de
datos al explicar la correlacion entre un gran nimero de
variables en términos de un ndmero menor de factores
subyacentes (componentes principales) sin perder mucha
informacién (Vega et al. 1998, Helena et al. 2000, Alberto
et al. 2001, Li et al. 2009). En e presente trabajo, el
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variation, with the highest value (32.3°C) recorded in July
and August and the lowest (12.5 °C) in January (fig. 2a). Sur-
face water temperature also showed a clear seasonal change,
with minimum (16.8 °C) in February and maximum (27.5 °C)
in October (fig. 2b). The prevailing winds (about 2.8 m s?)
were southerly from May to November, and northerly to
northwesterly from December to March (fig. 2c).

Monthly rainfall showed the distinct seasonal pattern:
abundant rainfall from May to October and less rainfall from
October to March (fig. 2d). The average annual precipitation
in Daya Bay was 1827 mm, with a maximum monthly
rainfall of 370 mm in August and a minimum of 30 mm in
December.

The PCA applied to the environmental factors distin-
guished three main groups (northeast monsoon period/winter,
southwest monsoon period/summer, and monsoon transition
period/spring and autumn) surrounding the first and second
component axes, thus explaining 40.67% of the variance. The
temperature, chlorophyll a, and phosphate loadings are posi-
tive in the first principal component (PC1), while salinity,
SiO;-Si, and NO5-N are negative in PC1 (fig. 3). The PCA
biplot based on PC1 and the second principal component
(PC2) demonstrated the relationship between the monitoring
seasons and environmental factors (fig. 3). The three main
sampling seasons (northeast monsoon, southwest monsoon,
and monsoon transition) clustered together. The northeast
monsoon was associated with high salinity, the monsoon
transition group occurs in the middle of PC1 and PC2, and
the southwest monsoon showed its association with high
temperature and chlorophyll a.

Nutrient distribution

The surface and bottom distributions of SiO;-Si increased
from the northern part to the mouth of Daya Bay (fig. 4a, b).
The distribution of PO,-P, however, was opposite to that of
SiO;-Si (fig. 4c, d). The spatial distribution of NO;-N showed
that the concentration decreased from the eastern to the
western part of the bay (fig. 4e, f).

Biological response
Picophytoplankton

The picophytoplankton community in Daya Bay was
mainly composed of Synechococcus and picoeukaryotes.
Synechococcus abundance ranged from 2.16 x 10* to 1.45 x
10° cell mL- (fig. 5a, b). There was no general difference in
Synechococcus abundance between the surface and bottom
waters in the bay, although there was a trend towards higher
abundance at S3 and S11. There were no significant differ-
ences (P > 0.05) in picophytoplankton abundance between
the surface and bottom depths. Synechococcus abundance
was highest at S3.
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PCA identifico los cambios estacionales de los factores
ambientalesy lainteraccién entre el ambiente y labiologia.

Los célculos matematicos y estadisticos se realizaron con
el programa MATLAB 2010a (Mathworks, Inc., EUA).

RESULTADOS
Factores ambientales

Se usaron los datos de temperatura del aire, temperatura
superficial del mar y viento proporcionados para Beijiao
(Hong Kong, unos 40 km de |la bahia de Daya). La tempera-
tura del aire mostré una clara variacion estacional, registran-
dose el valor més ato (32.3°C) en julio y agosto y el menor
(12.5°C) en enero (fig. 2a). La temperatura superficial del
mar también mostré una clara variacién estacional, siendo
mayor (27.5°C) en octubre y menor (16.8°C) en febrero
(fig. 2b). Los vientos del sur (alrededor de 2.8 m s?) predo-
minaron entre mayo y noviembre y los del norte y noroeste,
entre diciembre y marzo (fig. 2¢).

La precipitacion pluvial mensual mostré un claro patrén
estacional: precipitacion abundante de mayo a octubre y
menor precipitacion de octubre a marzo (fig. 2d). La preci-
pitacion media anual en la bahia de Daya fue 1827 mm, con
una precipitacion mensual méaxima de 370 mm en agosto y
minima de 30 mm en diciembre.

El PCA para los factores ambientales distingui6 tres gru-
pos principales (el periodo del monzén del noreste/invierno,
el periodo del monzon del suroeste/verano, y €l periodo de
transicion entre monzones/primavera y otofio) alrededor de
los gjes del primer componente principal (PC1) y e segundo
componente principal (PC2), explicando 40.67% de la
varianza. Las cargas de temperatura, clorofilaay fosfato fue-
ron positivas en PC1, mientras que las de salinidad, SiO5-Si y
NO;-N fueron negativas en PC1 (fig. 3). El diagrama de dis-
persién biespacial basado en PC1 y PC2 mostré la relacion
entre las temporadas de muestreo y los factores ambientales
(fig. 3). Los tres principales periodos (monzon del noreste,
monzon del suroeste y de transicion) se agruparon. El mon-
zon del noreste se relaciond con una alta salinidad, € grupo
de datos del periodo de transicién se encuentraen €l medio de
PC1y PC2, y e monzon del suroeste se relaciono con altas
temperaturas y niveles de clorofilaa.

Distribucién de nutrientes

La distribucién de SiO;-Si en la superficie y € fondo
increment6 desde la parte norte hacia la boca de la bahia de
Daya (fig. 4a, b), mientras que la distribucién de PO,-P es
opuestaalade SiO;-Si (fig. 4c, d). Ladistribucion de NOs-N
disminuyo de la parte este hacia la parte oeste de la bahia
(fig. 4e, f).
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Figure 2. Average weather conditions from 1981 to 2010 near the study area: (a) air temperature, (b) sea surface temperature, (c) wind speed
and direction, and (d) rainfall. Air temperature, wind, and sea surface temperature data were obtained for Beijiao, about 40 km from Daya

Bay.

Figura 2. Condiciones climéticas promedio para € periodo de 1981 a 2010 cerca de la zona de estudio: (a) temperatura del aire,
(b) temperatura superficial del mar, (c) velocidad y direccion del viento y (d) precipitacion pluvial. Los datos de latemperaturadel airey mar

y del viento son para Beijiao, a unos 40 km de la bahia de Daya.

The abundance of picoeukaryotes was lower than that of
Synechococcus in the bay. The abundance of picoeukaryotes
ranged from 0.78 x 10° to 7.95 x 10° cell mL~ (fig. 5c¢, d).
The spatial distribution of picoeukaryote abundance was
similar to that of Synechococcus.

Bacteria

Bacterial abundance in surface water was generally high
in the southwest part of the bay (S3), reaching 2.73 x 10° cell
mL-* (fig. 6a). The lowest abundances of 4.51 x 10° cell mL*
occurred in the central, southern, and eastern parts of the bay
(81, S2, S7, and S12). Bacterial abundance in bottom water
was comparatively higher than in surface water except at S3
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Respuesta bioldgica
Picofitoplancton

La comunidad de picofitoplancton en la bahia de Daya
estuvo principalmente compuesta por Synechococcus y
picoeucariontes. La abundancia de Synechococcus varié de
2.16 x 10* a 1.45 x 10° céd mL~ (fig. 5a, b). No se encontré
una diferencia general entre la abundancia de Synechococcus
en la superficie y € fondo de la bahia, aunque se observo
una tendencia a una mayor abundancia en S3 y S11. No se
observaron diferencias significativas (P > 0.05) entre la
abundancia de picofitoplancton en la superficie y el fondo.
La abundancia de Synechococcus fue mayor en S3.
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Figure 3. Principal component analysis of the selected environmental variables at the sampled stations in Daya Bay: (a) scores for sampling
stations and (b) variable loadings. S and D denote surface and bottom layers, respectively.

Figura 3. Andlisis de componentes principales de las variables ambientales de las estaciones de muestreo en la bahia de Daya
(a) puntuaciones de | as estaciones de muestreo y (b) cargas de las variables. Sy D indican la superficiey el fondo, respectivamente.

and $4 (fig. 6b). There were no significant differencesin total
bacterial abundance between the surface and bottom depths
(n =12, P = 0.07). Bacterial communities observed at the
monitoring stations were characterized by one LDNA popu-
lation and one HDNA population. The lowest LDNA abun-
dance was observed in the central part of the bay (fig. 6c, d).
No significant differences were observed in LDNA abun-
dances between surface (mean: 7.06 x 10° cell mL-%) and
bottom (mean: 5.88 x 10° cell mL) waters (P > 0.05). High
HDNA abundances were observed in the western and north-
ern parts of the bay (fig. 6e, f). In general, the abundance of
HDNA bacteriain surface water (mean: 5.88 x 10° cell mL-Y)
was greater than in bottom water (mean: 3.74 x 10° cell
mL-Y), with significant difference (P = 0.05). No significant
difference (P > 0.05) between LDNA and HDNA abundances
was observed in surface and bottom water.

Principal component analysis

The PCA for picophytoplancton vs environmental factors
and bacteria vs environmental factors was used to identify
key environmental variables that could explain the picophy-
toplankton (Synechococcus and picoeukaryotes) and bacterial
(HDNA and LDNA) abundances, respectively. For picophy-
toplankton, PC1, which explained 49.21% of the variation
of the environmental data, was highly correlated with
Synechococcus and nutrients (fig. 7a). PC2 explained 21.24%
of the variation and was highly correlated with PO,-P and
NO,-N. Both Synechococcus and picoeukaryotes were posi-
tively related to PC1 and negatively related to PC2. From the
score plot, the spatial distribution of the samples can be
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La abundancia de picoeucariontes fue menor que la de
Synechococcus en la bahia. La abundancia de picoeucarion-
tesvario de 0.78 x 10° a 7.95 x 10° cd mL~ (fig. 5¢c, d). La
distribucién espacial de la abundancia de picoeucariontes fue
similar ala de Synechococcus.

Bacterias

La abundancia de bacterias en el agua superficial por lo
general fue alta en la parte suroeste de la bahia (S3), alcan-
zando 2.73 x 10° cél mL~ (fig. 6a). Se registraron las meno-
res abundancias de 4.51 x 10° cél mL-* en las partes central,
sur y este de la bahia (S1, S2, S7 y S12). La abundancia de
bacterias en el fondo de la bahia fue comparativamente
mayor gue en la superficie excepto en S3 y $4 (fig. 6b). No
hubo diferencias significativas entre la abundancia bacteriana
total enlasuperficiey € fondo (n = 12, P = 0.07). Las comu-
nidades bacterianas observadas en los sitios de muestreo
fueron caracterizadas por una poblacién de MaADN y una
poblacion de MeADN. La abundancia més bagja del grupo de
MeADN seregistrd en la parte central de la bahia (fig. 6¢, d),
y no se observaron diferencias significativas (P > 0.05) entre
su abundancia en la superficie (media: 7.06 x 10°cél mLY) y
el fondo (media: 5.88 x 10° cél mL). La abundancia del
grupo de MaADN fue mayor en las partes norte y oeste de la
bahia (fig. 6e, f) y, en general, fue mayor en la superficie
(media: 5.88 x 10° cél mL-%) que en el fondo (media: 3.74 x
10° cél mLY), con unadiferencia significativa (P = 0.05). No
hubo diferencias significativas (P > 0.05) entre las abundan-
ciasdelosdos grupos (MeADN y MaADN) en lasuperficiey
el fondo.
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Figure 5. Spatial distribution of the abundance of the picophytoplankton community in Daya Bay: Synechococcus in surface water (a) and
bottom water (b); eukaryotes in surface water (¢) and bottom water (d). The circles indicate the relative magnitude in the corresponding layer
and the blue dots represent the sampling stations. The values of the color bar show the 10910 (abundance).

Figura5. Distribucion espacial dela abundancia de la comunidad de picofitoplancton en labahia de Daya: Synechococcus en lasuperficie (a)
y €l fondo (b); eucariontes en la superficie (c) y € fondo (d). Los circulosindican lamagnitud relativa en la capa correspondiente y los puntos
azules representan |as estaciones de muestreo. Los valores de la barra de color muestran el 10g10 (abundancia).

observed clearly (fig. 7b). Three stations (S3, S11, and S12)
were |located in the western and eastern parts of the bay. The
scores of these stations were positive in PC1l. The two
stations (S8 and S9) located around the central and northwest
parts of the bay clustered. The scores of the rest of the
stations (S1, S2, and $4-S7) located around the mouth and in
the central part of the bay were negative and positive in PC2.

For bacteria, the first two principle components explained
50.39% of the variance in the environmental data (fig. 8a).
PC1 was positively associated with SiOs-Si, NOs-N, NH,-N,
HDNA, and LDNA, and explained 27.81% of the total
variance in the original variables. PC2 was associated with
NO,-N and PO,-P, and explained 22.58% of the total vari-
ance. Both HDNA and LDNA were positively related to PC1
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Analisis de componentes principales

El PCA para picofitoplancton vs factores ambientales y
bacterias vs factores ambientales se usd para identificar las
variables ambientales clave que podrian explicar las abun-
dancias de picofitoplancton (Synechococcus y picoeucarion-
tes) y bacterias (MaADN y MeADN), respectivamente. Para
€ picofitoplancton, PC1 explico 49.21% delavarianzay pre-
sent6 una alta correlacion con Synechococcusy los nutrientes
(fig. 7a). El PC2 explic6 21.24% de lavarianzay se correla
cioné atamente con PO,-P y NO,-N. Tanto Synechococcus
como los picoeucariontes se relacionaron positivamente con
PC1 y negativamente con PC2. La distribucion espacia de
las muestras se puede observar claramente en la gréafica de
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Figura 6. Distribucién espacial de la abundancia de bacterias en la bahia de Daya: bacterias totales en la superficie (a) y € fondo (b);
bacterias con menor cantidad de ADN en la superficie (¢) y el fondo (d); bacterias con mayor cantidad de ADN en la superficie (e) y €
fondo (f). Los circulos indican lamagnitud relativa en la capa correspondiente y |os puntos azules representan las estaciones de muestreo. Los
valores de labarra de color muestran el 10g10 (abundancia).
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Figura 7. (a) Cargas de las variables (factores ambientales més picofitoplancton) para las 12 estaciones de muestreo de los primeros dos
componentes principales, PC1y PC2, y (b) puntuaciones para PC1 and PC2 para las 12 estaciones. Sy D indican la superficie y el fondo,
respectivamente.

and PC2. The spatial pattern is similar to the PCA results for puntuaciones (fig. 7b). Tres estaciones (S3, S11 y S12) se

picophytoplankton and environmental factors (fig. 8b). localizaron en las partes oeste y este de la bahia, y sus
puntuaci ones fueron positivas en PC1. Las dos estaciones (S8
DiscussioN y S9) ubicadas en las partes central y noroeste de la bahia se

agruparon. Las puntuaciones de las demas estaciones (S1, S2
Daya Bay is located in a tropica region. The winds y $4-S7) en labocay parte central de la bahia fueron negati-

change direction from southwest to northeast or vice versa. vasy positivas en PC2.

The wet (southwest) monsoon brings clean air into the region Para las bacterias, los primeros dos componentes princi-
from June to October. Conversely, the dry (northeast) mon- pales explicaron 50.39% de |a variacion de los datos ambien-
soon predominates from November through April. To a great tales (fig. 8a). PC1 se asoci6 positivamente con SiO;-Si,
extent, the seasona changes of the hydrodynamics in the bay NO.-N, NH,-N, MaADN y MeADN, y explico 27.81% de la
are determined by Southeast Asian monsoons. Lower tem- varianza total de las variables originales. PC2 se asocié con
perature and high salinity water intrudes into the bay along NO,-N y PO,-P, y explicé 22.58% de |a varianza total. Tanto
the bottom from the South China Sea under the influence of MaADN como MeADN se relacionaron positivamente con

the weak southwest monsoon from May to September (Han PC1y PC2. El patrén espacial essimilar aladelos resultados
1998, J| and Huang 1990, Wu et al . 2010) On the Contrary, in del PCA para el p|c0f|t0p| ancton y |OS fac[ores amb|enta|es
Daya Bay the water column is vertically mixed under the (fig. 8b).

influence of the northeast monsoon (Chen and Li 1996). In

the study, the hydrodynamics in autumn shows interesting DISCUSION

transit characteristics, from stratification in summer to well-

mixed conditionsin winter. La bahia de Daya se localiza en una region tropical. Los

Spatially heterogeneous microbial communities were @ vientos cambian de direccion del suroeste al noreste o vice-
regular feature of the subtropical embayment investigated in versa. El monzén lluvioso (monzon del suroeste) trae aire
this study. However, two types of sites (marine aquaculture limpio a la region de junio a octubre. EI monzén seco
and coastal water) encapsulated the heterogeneity within the (monzén del noreste) predomina de noviembre a abril. Los
bay. The structure of microbial communities within the two cambios estacionales de la hidrodindmica de la bahia son en
distinct groups appeared likely to be driven by a combination gran medida determinados por los monzones del Sureste de
of three prominent characteristics of this environment: highly Asia. Agua de menor temperaturay mayor salinidad del mar
localized marine aguaculture, physical forcing due to wind de China Meridional entra alabahia por e fondo entre mayo
convection, and complex bay topography. y septiembre durante la influencia del monzon més débil del
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Figura 8. (a) Cargas de las variables (factores ambientales mas bacterias) para las 12 estaciones de muestreo de los primeros dos
componentes principales, PC1 y PC2, y (b) puntuaciones para PC1 y PC2 para las 12 estaciones. Sy D indican la superficie y € fondo,

respectivamente.

Generally, Prochlorococcus dominates in the subtropical
oligotrophic oceans (Goericke and Welschmeyer 1993,
Campbell et al. 1994), whilst Synechococcus is usually more
abundant under intermediate nutrient conditions (Liu et al.
1997). Synechococcus is more abundant in plume-influenced
and coastal waters, while Prochlorococcus was dominant in
the oligotrophic water of the Mississippi River plume and its
adjacent waters (Liu et al. 2004). Synechococcus cell density
typically ranges from 102 to 10° cells mL-* in temperate estu-
aries and often exceeds 106 cells mL-* in subtropical regions
(Wang et al. 2011). Synechococcus is the most abundant
group in various coastal ecosystems, including Chesapeake
Bay (Wang et al. 2011), San Francisco Bay (Ning et al.
2000), and Florida Bay (Phlips et al. 1999). In this study,
Prochlorococcus was found in very low abundances. On
the contrary, Synechococcus dominated in the bay (fig. 5).
Nutrient availability might determine Synechococcus growth
(Chen et al. 2007). The scores for S3, Sl11, and S12 are
mainly due to Synechococcus, picoeukaryotes, NO;-N, and
SiO;-Si in PC2. In fact, Synechococcus abundance at these
stations is higher than that at the rest of the stations (fig. 7).
The scores for these stations located in the western and east-
ern parts of the bay are different from those at the mouth and
northern part of the bay in PC1.

The correlations between the abundance of picoeukary-
otes and the environmental factors for Daya Bay were similar
to those between the abundance of prokaryotic cells
(Synechococcus) and the environmental factors (fig. 7). The
similar spatial distribution pattern between prokaryotic cells
and picoeukaryotes strongly suggested similar ecological
niches in Daya Bay, which contrasts to the previously
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suroeste (Han 1998, Ji y Huang 1990, Wu et al. 2010). Al
contrario, bgjo la influencia dd monzon del noreste, la
columna de agua en labahia de Daya se mezcla verticalmente
(Cheny Li 1996). En € presente estudio se encontro que la
hidrodinamica en otofio muestra caracteristicas de transicion
interesantes, desde estratificacion en verano hasta condicio-
nes de mezclaintensa en invierno.

Las comunidades microbianas espaciamente hetero-
géneas fueron una caracteristica regular de la bahia subtropi-
cal bajo estudio; sin embargo, dos tipos de sitios (acuicultura
marinay agua costera) denotaron la heterogeneidad dentro de
labahia. Laestructurade las comunidades microbianas en los
dos grupos distintos probablemente se debe a una combina-
cion de tres caracteristicas prominentes de este ambiente:
acuicultura marina muy localizada, forzamiento fisico por la
conveccion del viento y latopografia compleja de la bahia.

En general, Prochlorococcus predomina en aguas
oligotréficas subtropicales (Goericke y Welschmeyer 1993,
Campbell et al. 1994), mientras que Synechococcus tiende a
ser méas abundante en aguas con concentraciones intermedias
de nutrientes (Liu et al. 1997). Synechococcus es mas abun-
dante en aguas costeras influenciadas por lenguetas, pero
Prochlorococcus predomind en las aguas oligotréficas de la
lengueta del rio Mississippi y sus aguas adyacentes (Liu et al.
2004). La densidad celular de Synechococcus tipicamente
variade 10% a 10° cél mL~ en estuarios templados y frecuen-
temente excede 10° cél mL-* en regiones subtropical es (Wang
et al. 2011). Synechococcus es e grupo mas abundante en
varios ecosistemas costeros, incluyendo las bahias de
Chesapeake (Wang et al. 2011), San Francisco (Ning et al.
2000) y Florida (Phlips et al. 1999). En la bahia de Daya, la
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reported distinct ecological niches in different ecosystems,
such as the Pearl River Estuary (Zhang et al. 2013). A signif-
icant positive correlation was observed between NO;-N,
NH,-N, and SIO;-Si concentrations, and Synechococcus and
picoeukaryotes abundances (fig. 7). Within the Daya Bay
system, the control of picophytoplankton abundance is likely
to be driven by bottom-up processes (nutrient) and top-down
processes (grazing).

In addition, the similar spatial pattern between the LDNA
and HDNA groups may indicate that they may be better
adapted to productive coastal waters, hence suggesting a
niche partitioning between the similar bacterial groups.
However, bacterial abundance in the eastern, northern, and
western parts of the bay is dightly higher than in the rest of
the areas (fig. 8). Our results suggest that the HDNA and
LDNA groups may possess their own environmental niche
with favorable conditions for them. The spatia differences
in variability in bacterial abundance (HDNA and LDNA)
may be due to system-specific changes in environmental
parameters.

In summary, despite the important role of picophyto-
plankton and heterotrophic bacteria in the microbial dynam-
ics of coastal bays, there is still a critical lack of information
on their community composition and dynamics. Abiotic envi-
ronments may determine the dynamics of phytoplankton and
bacteria. Generally, abundances of picophytoplankton and
heterotrophic bacteria have a similar spatial distribution. A
significant positive correlation was observed between nutri-
ents and Synechococcus and picoeukaryotes in the present
work. Picophytoplankton abundance is likely to be driven by
bottom-up processes (nutrient) and top-down processes
(grazing). Nutrients may control the spatial distribution of
bacteria. HDNA and LDNA bacteria groups may possess
their own environmental niche with favorable conditions for
them. Thus, biological activities may be due to system-
specific changes in environmental parameters.
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