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ARTICLE INFO ABSTRACT

Keywords: This study describes the intra-annual variability of environmental characteristics, hydrologic regime and their
Hypersalinity potential consequences for phytoplankton biomass in a low-inflow estuary on the Brazilian semi-arid coast. The
Chlorophyll estuary was subjected to two conditions based on the water and salt balance: a short hyposaline and a long

Water budget
Environmental factors
River discharge
Semi-arid

hypersaline period. They were marked by considerable differences in precipitation, evaporation and water
flushing time that resulted in noticeable variations in the salinity gradients, nutrient concentrations and total
phytoplankton biomass (TPB). TPB peaked at the middle and end of the dry season, when salinity reached
maximum levels (up to 63) and the water residence time was higher. Higher TPB was also related to a decline in
inorganic nitrogen due to phytoplankton uptake and a decline in water transparency due to phytoplankton
shading. Rainfall rather than drought constituted a disturbance for the phytoplankton as TPB declined in the
rainy period despite available nutrients. Given the prevalent climate change, increases are predicted in the
frequency and intensity of droughts and salinity in estuaries. Although the phytoplankton community seemed

adapted, the limits of its adaptability and the effects of hypersalinity should be further evaluated.

1. Introduction

Estuaries are transitional ecosystems characterized by strong en-
vironmental gradients in small spatial and temporal scales (Pereira-
Filho et al., 2001; Azhikodan and Yokoyama, 2016), in which many
species survive and on which we depend (Uddin et al., 2013; Costanza
et al., 2014). Nevertheless, they are subjected to multiple natural and
human-driven impacts that are intensified by global climate change
(Godoy and Lacerda, 2015; Cloern et al., 2016; Schettini et al., 2017).
In particular, arid zones are projected by the Intergovernmental Panel
on Climate Change (IPCC) to have large temperature increases, rainfall
anomalies and more frequent/intense dry spells and droughts (IPCC,
2014; Robins et al., 2016; Marengo et al., 2017a).

Estuaries are important because of their roles in biogeochemical
cycling and material transfer in the continent-ocean interface (Bauer
et al., 2013). In semi-arid conditions, estuaries experience a strong
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climate duality in which the freshwater discharge during rainy season
can be thirty-fold higher than that in dry season (Molisani et al., 2006).
In dry seasons, extended droughts result in a hydrological deficit, which
is made worse by water impoundment in drainage basins to store water
for human use (Frota et al., 2013). Therefore, many estuaries experi-
ence negative water budgets when the evaporation rate is greater than
the freshwater flow, and it causes a net inflow of seawater to the at-
mosphere to compensate for water loss, which results in hypersaline
conditions (salinity higher than that in coastal waters) (Largier, 2010).
Such scenarios can become extremely common especially in relatively
small volume and short length estuaries due to the changing climate
trends in arid and semi-arid lands. Low precipitation and high eva-
poration regions constitute a distinct biotope where adapted species
may flourish in the absence of competition (Nche-Fambo et al., 2015;
Hemraj et al., 2017).

Such estuaries are commonly found in the semi-arid coasts
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Fig. 1. The locations of sampling sites in the Piranji estuary (CE, northeast Brazil). Ceara State and Drainage basin are shown in red (A) and orange (B).

(Molisani et al., 2006; Valle-Levinson and Schettini, 2016; Schettini
et al.,, 2017). A global trend of increasing water impoundment and
worsened climate scenarios may cause more estuaries to experience
hypersalinity. Understanding how intensifying droughts could affect
the functioning of estuaries is needed to determine the responses of
estuaries to these conditions. Thus, here we describe the environmental
characteristics and hydrological regime of a relatively small, low-inflow
estuary, and we evaluated the potential consequences of drought on
phytoplankton biomass. This study was performed in 2015, which al-
lowed us to make observations in an especially severe dry condition
(Marengo et al., 2017b). Our study aims to contribute to improve the
understanding of human and climate related impacts and the estuarine
phytoplankton adaptations to these factors.

2. Material and methods
2.1. Study area

We chose the Piranji river estuary located in the semi-arid coast of
Brazil (the northeastern region, 04°23'59” S, 37°49’18” W) (Fig. 1) to
study the drought effects on the environmental conditions and primary
productivity in shallow and short estuaries. The Piranji estuary is
~20km long and its mean depth is ~3 m, making it a good field la-
boratory to assess the processes addressed in this study, and providing a
model for other low-inflow estuaries. The regional coastal climate is
semi-arid warm, with rainy (January to June) and dry (July to De-
cember) seasons. It is subjected to very high evaporation rates in an
inverted pattern relative to the rainfall (i.e., lower rates from February
to June, and higher rates between August and October) (Campos and
Studart, 2003). Precipitation and evaporation are influenced locally by
orographic rains and humidity blockage, and regionally by Atlantic
dipole and El Nifno Southern Oscillation (ENSO) (Santos and Brito,
2007). Estimates based on the drainage basin indicate a river discharge
approx. 15m?/s during the rainy season and < 1 m>/s in the dry period
(Molisani et al., 2006). The precipitation rate is approx. < 1200 mm/
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year at the coast and < 700 mm/yr inland, and evaporation rate can
exceed 1900 mm/year (Uvo and Berndtsson, 1996; Schettini et al.,
2017). Although many human activities occur in the Piranji, shrimp
farming stands out as the greatest cause of human impacts because of
an intense use of natural resources (Meireles et al., 2007). Additionally,
Piranji system has multiple dams which were recognized as important
regulators of its circulation and transport (Schettini et al., 2017).

2.2. Sampling strategy

Single replicate samples were taken bimonthly on sub-surface
(50 cm below water surface) and bottom (25cm above the bottom)
from water column during 2015 from February to December at spring
tide in three stations (St1, St2, and St3) along the estuary during ebb
tide (Fig. 1c). This tidal stage was chosen to guarantee the sampling of
estuarine waters rather than a coastal water parcel advected into the
estuary during flood. Samples were maintained at 4 °C after collection
and afterwards were subsampled to determination of nutrients, total
suspended solids and phytoplankton pigments. Salinity, temperature
(T), pH, saturation oxygen (SO) and dissolved oxygen (DO) were
measured in situ with a multi-parametric probe (YSI 6920 V2)
throughout the water column, and the values taken at the sub-surface
and near to the bottom were used in this study. Water transparency was
estimated with a Secchi disk and the euphotic zone (Z,) was estimated
as 2.7 times the Secchi depth (Cole, 1983). Detailed location informa-
tion is presented in Supplementary Table S1.

2.3. Samples analyses

Aliquots (1L) of the water samples were filtered in triplicate
through 0.7-um-pore size glass-fiber filters (47-mm diameter, type GF-
3, Macherey-Nagel, Diiren, Germany) in less than 8h after the sam-
pling. The contents of nitrite (NO, ™ -N), nitrate (NO3 ™ -N), and soluble
reactive phosphorus (SRP) were analyzed according to the protocol of
Aminot and Chaussepied (1983) described in Baumgarten et al. (1996)
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within 48 h after the collection. We followed the protocol suggested by
Strickland and Parsons (1972), described in Baumgarten et al. (1996),
to determine ammoniacal-N (NH;—N + NH4;*—N) within 24h after
collection. Dissolved inorganic nitrogen (DIN) was obtained by the sum
of nitrite, nitrate and ammoniacal-N. The retained particulate materials
on the filters were frozen at —20°C for a subsequent spectro-
photometric determination of chlorophyll a and phaeophytin a using
extraction in 90% acetone (method 10200-H, Rice et al., 2012). Ali-
quots (300 mL) of the water samples were filtered through a 0.45-um-
pore-size mixed cellulose ester membrane (47 mm diameter, HATF,
Millipore, Billerica, USA) and analyzed according to Aminot and
Chaussepied (1983), described in Baumgarten et al. (1996), to measure
dissolved silica. Total suspended solids (TSS) were determined grav-
imetrically by weighing pre-combusted filters of 1.2-um pore-size glass-
fiber (47 mm diameter, type APFC, Millipore, Billerica, USA) used for
water sample filtration according to Rice et al. (2012) (methods
2540D). Part of the unfiltered water samples was used to quantify total
nitrogen (TN) and total phosphorus (TP) according to Valderrama
(1981), described in UNESCO (1983). All the laboratory analysis were
performed in triplicate.

2.4. Hydrological data

2.4.1. Water budget

The estuarine water budget was calculated to evaluate the hydro-
logical regime. The budget assumes that the system volume (V in m®)
does not change in time (t in s), which is a valid assumption for time
scales between weeks and a couple of years. Based on the principle of
mass (or volume) conservation, for any water volume that enters the
estuary, an equivalent volume must exit at the same rate, or dV/dt = 0.
The net water budget can be written as:

dv/dt = Vp + Vg + Vg + Vg + Vi + Vg @

where Vp represents the precipitation flux onto the estuary surface and
shrimp farms pounds (surface areas of 1.7 and 7.2 km?, respectively). It
is calculated by the direct product of the precipitation rate (in m s~ 1)
and surface area (in m?), and it is positive, which represents a water
input. Vg represents the evaporation flux from the estuary surface and is
calculated similarly as Vp whereas it is negative as it represents a water
output. Daily data of precipitation and evaporation were obtained from
the Brazilian National Institute of Meteorology (INMET) in the
Jaguaruana meteorological station (#OMM:82493) located approxi-
mately 40 km away from the study area. The data were reduced to
monthly means (Table 1, Fig. 2). Vg represents the groundwater flux
and was assumed to be zero (Kjerfve et al., 1996). V, represents the
surface runoff from the drainage basin. The water budget of the drai-
nage basin was calculated as:

Vo=[(P-EDKA-V]/t @

where P is the precipitation rate, ET is the evapotranspiration rate (in m
s™1), and A is the drainage area (4250 km?). We used the ET values
calculated for the Jaguaribe basin by Gondim et al. (2010). Surface

Table 1

Values of the estuary water flow and the components of the water budget due to
continental runoff (Vy), precipitation (Vp), evaporation (Vi) and residual (Vg).
Positive and negative values represent inflow and outflow, respectively. All

values are in m® s~ 1.

Month (2015) Va Vp Ve Vr
February 0.000 0.075 —0.594 0.520
April 7.350 0.370 —0.300 —7.420
June 0.000 0.204 —0.507 0.300
August 0.000 0.016 —0.687 0.670
October 0.000 0.000 —0.949 0.950
December 0.000 0.019 —0.844 0.820
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Fig. 2. Monthly mean values of evapotranspiration, evaporation, and pre-
cipitation in the study area (Source: the Brazilian National Institute of
Meteorology).

runoff only exists if the precipitation rate is greater than the evapo-
transpiration rate, and after the soil becomes saturated with rain.
Therefore, it is necessary to include the runoff ratio coefficient (k) that
represents the fraction of the precipitation in the runoff. This coefficient
ranges between 0.5 and 0.8 for Brazilian semi-arid soils (Cavalcanti,
2010) and we used a mean value of 0.65. The second term of the right
side of equation (2) stands for the volume impounded in reservoirs (V).
The semi-aridity requires the water impoundment as much as possible
during the short rainy period. Therefore, most of the initial water sur-
plus is trapped in reservoirs. The largest reservoirs in the Piranji
catchment are Macacos and Batente with a joint capacity of 44 hm?®
(FUNCEME/COGERH, 2018). There are several other smaller re-
servoirs; however, owing to the lack of inventory, we estimated the
total impounded capacity as 75hm?, based on the reservoirs surface
area. The term Vy in equation (1) represents the direct human-induced
water flux such as water transfer, groundwater pumping, and waste-
water production. In small estuaries located in large urban areas, the
wastewater contribution can be higher than all other factors (Schettini
et al.,, 2016, 2017). However, the human population in the estuary
margins is very small, and this factor is negligible. Finally, the term Vz
represents the residual flow required to maintain dV/dt = 0.

2.4.2. Salt balance

The mass balance of salt was based on the methodology proposed by
Land-Ocean Interactions in the Coastal Zone (LOICZ) (Gordon et al.,
1996). The salt balance in the system was estimated using the water
budget, and calculated as:

V*dSdt = Vg *Sg + Vx (S2 — S1) 3

which considers the main salt fluxes (evaporation, residual and mixture
with coastal waters), where S1 and S2 correspond to the salinity of
estuary and ocean, respectively. Residual salinity (Sg) is the average of
S1 and S2. For S1 and S2 we used the mean values from sub-surface and
bottom obtained at Stl and St3, respectively. St1 and St3 were the
upstream and downstream compartments of the estuary under greater
influence of river and coastal waters, respectively. Water exchange flux
between estuary and ocean, Vy, was estimated as:

Vx = Vg * Sp/(S; — S2) ()]

In 2015, the Piranji estuary was marked by an unusual hydrological
condition in which a hyposaline system (salinity 9.4) was observed in
April and hypersaline in February and from August to December (mean
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Table 2

Values of the water fluxes used for calculating the salt balance. The rainy period
corresponds to April and the dry period covers February, August, October and
December 2015. Positive and negative values represent inflow and outflow,

respectively. All values are in m® s~ *.

Period Va Vp Ve Vr
Rainy 7.350 0.370 —0.300 —7.420
Dry 0.000 0.027 0.768 0.740

of salinity: 51.1) with a transition period in June (salinity 35.9). Thus,
the salt balance was calculated for the rainy period (April) and for the
dry period (February and August to December). The transition period
(June) was excluded in the calculation. Table 2 indicates the water
fluxes used in the measurement.

2.5. Statistical analyses

Significant differences (p < 0.05) between the surface and bottom
samples were tested using a Mann-Whitney U test for each variable.
Correlations between parameters were examined by calculating the
Spearman rank correlation coefficient (p). Non-parametric tests were
used because, as determined by Shapiro-Wilk tests, most variables were
not normally distributed, except temperature, pH, TP and TSS. The
variation of environmental data and phytoplankton pigments was
analyzed by principal component analysis (PCA) and cluster analysis.

Before running the PCA, we tested the Spearman correlations (p)
between all the variables considering the whole data set
(Supplementary Table S2). Afterwards we excluded some highly cor-
related variables to run the PCA. The variables: euphotic zone depth
(Zeu), saturation oxygen (SO), phaeophytin and SRP were excluded
because of their strong correlations with Secchi depth, dissolved oxygen
(DO), chlorophyll a and TP, respectively. For nitrogen, only DIN was
used because of its correlation with Nitrate, Nitrite and Ammoniacal-N.
Lastly, temperature was excluded due to its small intra-annual varia-
tion. Even performing this procedure, we chose to maintain some
variables significantly correlated in PCA because their exclusion could
result in the loss of relevant information to depict the environmental
variation from the studied system. The Kaiser-Meyer—Olkin (KMO) test
was used to measure the sample adequacy, and Bartlett's test of
sphericity was applied to verify the applicability of PCA.

The significance of grouping in the cluster analysis was tested using
similarity profile test (SIMPROF). The data were transformed by log(x
+1) for all analyses, except the pH, which is already in logarithmic scale.
The Paleontological statistics software package (PAST) v. 2.12 (Hammer

Hyposaline Hypersaline

70 1

60 A

50 1

40

30 1

Salinity

20 A

Feb Apr Oct Dec

St oSt2 oOSt3

Fig. 3. Mean values of salinity throughout 2015 in the Piranji estuary measured
from station 1 (St1), station 2 (St2) and station 3 (St3). The error bars indicate
standard deviations.
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et al., 2001) was used for PCA and PRIMER v. 6.0 (Clarke and Gorley,
2006) was used for cluster analysis and SIMPROF. Statistica 7 was used
for Spearman test and Mann-Whitney U test. KMO test and Bartlett's test
were conducted using R (R Development Core Team, 2014).

3. Results
3.1. Physicochemical environment

Physical and chemical parameters measured in the Piranji estuary
exhibited no significant differences between the surface and bottom for
most of the variables (Mann-Whitney, p > 0.05) whereas the Dissolved
oxygen concentrations (DO) and Saturation oxygen (SO) values were
significantly different (p < 0.05). Therefore, data were presented as
mean * standard deviation from surface and bottom measures for all
variables, except for DO and SO (Supplementary Table S1).

The Piranji estuary presented a hyposaline regime in the middle
(April) and at the end of the rainy period (June), as can be noted by the
salinity levels rising from upstream (St1) to downstream (St3) (Fig. 3).
The slight hyposaline regime at the end of the rainy period (June) in-
dicated a transition to the hypersaline regime, which was found
throughout the dry period and even at the beginning of the rainy period
(February). That is, the salinity of the estuary was higher than the
surrounding coastal waters. The hypersalinity condition was intensified
as the dry season progressed and peaked (62.6 + 0.17) at the end of
the hydrological deficit period in the upstream estuary (St1).

Throughout the year, the temperature varied from 25.6 to 29.0 °C
throughout the estuary with values increasing from downstream to
upstream. The euphotic zone (Z.,) increased from St1 to St3 whereas
the total suspended solids (TSS) decreased from St1 to St3. Particularly
at St1, TSS values peaked in the middle (October) and end of the dry
period (December). The measured pH values varied very little during all
year, and the estuarine waters were mostly alkaline. Regarding oxygen,
the differences between surface and bottom were more evident at Stl
with little variation at St3. Oxygen levels at St3 reached higher values
than at St1 and St2, and were frequently consistent with under-
saturation. These results (maximum depth, euphotic zone, temperature,
pH, total suspended solids, dissolved oxygen, and oxygen saturation)
are summarized in Supplementary Table S1.

3.2. Nutrients

All nutrients (DIN, TN, Si, SRP, and TP) indicated a clear spatial
gradient with higher concentrations upstream (Stl) and lower con-
centrations downstream (St3) (Fig. 4). St3 indicated low concentrations
for all nutrients during the year. In most samples (except for Stl in
October and December when nitrite prevailed), ammoniacal-N com-
prised more than 70% of DIN (Fig. 5).

Among all stations, the highest DIN concentrations were found in
April when the estuary received the highest precipitation and was hy-
posaline. At St1, the DIN amount started to reduce markedly in October
whereas the other stations were more stable temporally apart from the
peak in April (Fig. 4a). Regarding the temporal variation of TN, the
lowest concentrations for St1 and St2 occurred at the beginning of the
dry period (August) whereas the highest concentrations occurred at the
end of same period (December) (Fig. 4b).

Total phosphorus presented a shallower gradient, and reached
higher values in October (Fig. 4c) when the estuary was hypersaline.
However, SRP concentrations were higher in August, and reached the
lowest amounts in October. At St1, SRP concentrations increased con-
tinuously from February when the estuary was still hypersaline to June
and August, and then started to decline in October and stayed reduced
during rest of the hypersaline period (December). At St2 and St3,
temporal variations of SRP were less pronounced (Fig. 4d).

A spatial variation was not clear in DIN:SRP ratios, but there was
only a temporal variation with higher ratios in the rainy season and
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Fig. 4. Mean values and standard deviations of (a) dissolved inorganic nitrogen (DIN), (b) total nitrogen (TN), (c) total phosphorous (TP), (d) soluble reactive
phosphorous (SRP), (e) dissolved silica (Si) and (f) DIN:SRP ratio throughout 2015 in the Piranji estuary. Stl: station 1; St2: station 2; St3: station 3.

smaller ratios in the dry period (Fig. 4e). Particularly at St1, such ratio
fell sharply during October and December together with the sharp de-

creases in DIN.

Regarding dissolved Silica, the spatial pattern of decreasing con-
centrations from upstream to downstream was very pronounced, as
with TN. Temporally, concentrations peaked in April at all stations,

Dissolved Inorganic Nitrogen (%)

100
90
80
70
60
50
40
30
20
10

St1 St2 St3
Feb

Hyposaline

- N NS

followed by a decline beginning in June and extended through August.
Then, the concentrations rose again in October (Fig. 4f).

3.3. Total phytoplankton biomass (TPB)

TPB indicated a spatial gradient with a trend similar to nutrients,

St1  St2  St3  St1  St2  St3
Apr Jun
m Nitrite O Nitrate

Stl St2

Aug

St3

Hypersaline
St St2 St3  St1 St2  St3
Oct Dec

OAmmoniacal-N

Fig. 5. Mean values from each form of dissolved inorganic nitrogen throughout 2015 in the Piranji estuary.
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Fig. 6. Mean values and standard deviation of chlorophyll a, phaeophytin a and
phaeophytin a: chlorophyll a ratio in St1, St2 and St3 throughout 2015 in the
Piranji estuary.

and decreased from Stl to St3 (Fig. 6). Temporally, an intra-annual
variation could be noted at St1 and St2 where the TPB was initially very
low at the beginning of the dry period but then greatly increased (about
4-20 times) in October and December. In the rainy season, TPB was
very low, and reached minimum concentrations in April. Near the es-
tuary mouth (St3), TPB was very low and stable throughout the year.

Based on Phaeo:Chlor ratio, the most stressful conditions were
during April and August when pigment degradation prevailed above the
active chlorophyll a. In the other months, such ratios were < 1 at Stl
and St2 which indicated less stressful conditions for the phytoplankton
biomass (Fig. 6).

3.4. Annual and spatial variation of physicochemical parameters and
phytoplankton biomass

The Kaiser-Meyer-Olkin (KMO > 0.5) and Bartlett's sphericity
(p < 0.05) tests showed that the samples met the criteria for PCA
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ordination. In the PCA, the two first axes explained 73.8% of the total
variation of environmental data (Fig. 7). Axis 1 (39.8%) was negatively
correlated with Secchi depth (r= —0.76) and DIN:SRP ratio
(r = —0.61), and positively correlated with TN (r = 0.88), TP
(r =0.94), Si (r = 0.78), TSS (r = 0.75) and chlorophyll a (r = 0.89).
Axis 2 (34.0%) was negatively correlated with salinity (r = —0.76), pH
(r = —0.47) and dissolved oxygen (r = —0.90) but positively corre-
lated with DIN (r = 0.87), Phaeo:Chlor ratio (r = 0.73) and DIN:SRP
ratio (r = 0.67).

Based on the differences between physicochemical variables among
the three sampling stations throughout the year, four distinctive and
significant groups (p < 0.05) were revealed by cluster analysis and the
SIMPROF test (Supplementary Fig. S1) as displayed in the PCA (Fig. 7).
Regarding how such clusters distributed on the factorial plane of PCA, it
can be observed that group I was more related to higher Secchi depth
and lower nutrients concentrations. Moreover, the lack of significant
temporal differences among samples from St3 was responsible for
grouping them in group L

Group II formed by St1 samples in October and December was po-
sitioned at the axis 1 extreme part and was distinctive from the other
groups by the highest values of pH, salinity, chlorophyll a and TSS.
Group III encompassed most of the St1 and St2 samples and was related
to the higher values of nutrients (especially TN, TP, and Si). Finally,
Group IV included Stl1 and St2 samples during April and can be dis-
tinguished by high concentrations of DIN, high DIN:SRP and
Phaeo:Chlor ratios, and lower values of pH, salinity, and dissolved
oxygen.

3.5. Estuary behavior during hyposaline and hypersaline regimes

Based on the salinity profile throughout the year, the estuary in-
dicated two regimes: a hyposaline period followed by a brief transition
(slightly hyposaline) and hypersaline-dominant-regime during the rest
of the year (Section 3.1). Considering only the months when hyposaline
(April) and slightly hyposaline conditions were present (June), sig-
nificant positive correlations were found between the salinity and Ze,
(p=0.90), SO (p=0.83) and pH (p=0.83) (Spearman test,
p < 0.05). Moreover, significant inverse correlations were found be-
tween the salinity and DIN (p= —0.83) and phaeophytin a
(p = —0.94) (Spearman test, p < 0.05). Significant positive correla-
tions were also detected between chlorophyll a and SRP (p = 0.94) and
TP (p = 0.94) (Spearman test, p < 0.05) (Supplementary Table S3).

However, during hypersaline conditions, significant positive corre-
lations were found between the salinity and temperature (p = 0.68), TN
(p = 0.87), SRP (p = 0.70), TP (p = 0.86), Si (p = 0.70), chlorophyll a
(p = 0.97) and phaeophytin a (p = 0.89) (Spearman test, p < 0.05).
Moreover, a significant inverse correlation between the salinity and Z,
was found (p = —0.68). Chlorophyll a also indicated significant posi-
tive correlations with temperature (p = 0.66), TN (p = 0.88), SRP
(p = 0.69), TP (p = 0.88), Si (p = 0.75) and phaeophytin a (p = 0.88);
and there was a significant negative correlation with Z., (p = —0.73)
(Supplementary Table S4).

3.6. Water and salt balances

The water and salt fluxes during 2015 were estimated as presented
in Table 3. The evaporation drove the water budget during the dry
period (Fig. 8a) with a net loss to the atmosphere of —64 x 10°m?/
day. This loss would be compensated by an equivalent water inflow
from the coastal sea (Vg). This volume inflow transported salt into the
systems (2.9 x 10°kg/day) by advection. However, considering the
system in steady state and the salt conservation, the same amount of
salt must exit the system by dispersion. This result implies a water
exchange volume of Vx = 249.9 x 10®m®/day. The ratio between the
system volume to the sum of Vx and Vy give us the flushing time of 13.5
days. During the rainy period the river flow drove the water budget
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Fig. 7. Principal component analysis (PCA) indicating the pattern of orientation based on the intra-annual variability of environmental variables and nutrient
concentrations throughout 2015 in the Piranji estuary. Groups I to IV were significant (p < 0.05) and extracted by cluster analysis and SIMPROF test.

Table 3
Data used for the water and salt budgets calculations. Positive values mean flow
into the system, whereas negative values mean flow out the system.

System Characteristics

Area (km?) 1.70

Length (km) 25.00

Average depth (m) 2.50

Volume (10° m®) 4250.00

Water fluxes Rainy Period Dry Period
Vo (10°m®/d) 635.00 0.00

Vp (103 m®/d) 32.00 2.00

Vg (10° m*/d) —26.00 —66.00
Vg (10°m®/d) —641.00 +64.00
Salt balance

Estuary salinity 9.36 51.10
Ocean salinity 37.40 39.50
Vg.Sg (10°kg/d) —14,986.60 +2899.20
Vx (10> m?/d) 534.50 249.90

T hydraulic residence (d) 6.60 66.40

T Flushing (d) 3.60 13.50

(Fig. 8b) when the water inflow was 641 X 103 mg/day with an
equivalent outflow to the coastal sea (Vg), advection of 15 X 10° kg/
day of salt, a volume exchange (Vx) of 534.5 x 10°m%/d is required.
These values give a flushing time of 3.6 days. The flushing time esti-
mates are for the lower part of the estuary, where the samples were
taken, and will increase considering the whole system.

4. Discussion

In this study, we evaluated the intra-annual variations of physico-
chemical parameters, nutrients, and chlorophyll a (TPB) in an estuary
faced with extreme climate duality and the interaction of these factors
with each other to understand the processes controlling nutrient con-
centrations and phytoplankton biomass. Based on the longitudinal
salinity gradient along the continuum — upstream (St1) to downstream
(St3) — observed along the year, the estuary presented two distinct
hydrological conditions: a shorter one with freshwater inflow leading to
hyposaline distribution, and a longer one with low inflow of freshwater
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leading to hypersaline distribution. Those periods were marked by
considerable differences in precipitation, evaporation and flushing time
that resulted in noticeable variations in the salinity profiles, nutrient
concentrations, and phytoplankton biomass.

No significant variations in water temperature and vertical salinity
profiles were observed during this study, indicating that the Piranji
estuary behaved as a well mixed system (Schettini et al., 2017), which
implies that tides are the main driver of the hydrodynamics at short
time-scales. Compared to several other estuaries, the Piranji estuary is
short and shallow, and its relatively small size makes it more suscep-
tible to climate and anthropogenic changes; these consequences were
evident mainly in salinity, suspended solids and TPB.

Most of the time, salinity was similar to or greater than the adjacent
marine coastal waters with a landward increase. April and June were
the only exceptions, when salinity increased towards the sea.
Evaporation drove the water budget throughout the dry season leading
to salt inflow and dominance of hypersalinity in the Piranji estuary.
This phenomenon was also observed at the beginning of the rainy
period, when evaporation was still higher than precipitation. Although
February corresponded to the beginning of the rainy season in 2015,
conditions still reflected those from the end of the dry season of 2014.
The period between 2010 and 2016 was particularly harsh in the region
owing to an extreme reduction in precipitation, leading to what is
claimed as being one of the longest and most intense droughts in dec-
ades in the semi-arid Northeast Brazil region (Marengo et al., 2017b).
Our study was performed in 2015, during a severe drought, although a
previous assessment in the Piranji estuary also reported hypersaline
conditions (Schettini et al., 2017), and it is likely this situation is a long-
term feature, at least seasonally. The area now occupied by shrimp
farms was previously occupied by salt extraction pounds since the early
20th century, thus supporting this assumption. However, it is important
to note that the decrease in precipitation and river discharge in years of
severe drought may be a factor that increases the hypersalinity levels in
the estuary, or even extend the time that the system remains under the
hypersaline regime along the year.

We hypothesized that the freshwater input would provide adequate
conditions for the development of the phytoplankton during the rainy
season whereas the primary productivity would be reduced in the dry
(unfavorable) season. That is, the phytoplankton might take advantage
of the relief from the hypersalinity. However, we observed the opposite
trend with a high-duality salinity pattern, with a hyposaline regime
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Fig. 8. Water and salt budgets for the dry (a) and rainy (b) periods. System volume (Vgy) in 10° m?; water flows (Vp, Vg, Vg, Vg, detailed in Section 2.4) in 10°m®/d;
salinity (S) in PSU (~kg/m®); salt fluxes in kg/d. Vp = flow of water by precipitation, Vy = evaporation flow, Vg = riverine discharge, Vg = residual flow;
Vg = groundwater flow; Vx = flow of water exchange. Positive values indicate input to the system whereas negative values indicate system output.

lasting from April to June and a hypersaline regime dominating the rest
of the year. In such conditions, the rainy season acted as an unfavorable
season. The change to a hypersaline regime regulating the phyto-
plankton biomass and most nutrients dynamics was more pronounced
at Stl.

On the other hand, St3 was much more influenced by coastal waters.
It presented higher water transparency, lower nutrients and stable
phytoplankton biomass throughout the year with little influence of
riverine inputs. The spatial gradient from St1 to St3 and the low intra-
annual variation in biotic and abiotic variables on this downstream
zone are likely to be related to the absence of high-flow events that
could promote significant changes on lower estuary (Saeck et al., 2013;
Chowdhury et al., 2017).

Under-saturation levels of oxygen were observed most of the year
and especially in April except for the TPB peak during the edge of the
dry season. These results could indicate the occurrence of net hetero-
trophy, already observed in other estuaries, such as the Mandovi-Zuari
estuarine system (Ram et al., 2003), Cochin estuary (Thottathil et al.,
2008) and Godavari estuary (Sarma et al., 2009). Net heterotrophy
indicates the respiration dominance over primary production due to
organic matter input from freshwater inflow (Ram et al., 2003).

TPB exhibited positive correlations with salinity and most nutrients
(TN, SRP, TP, and Si) and a negative correlation with Z., due to phy-
toplankton shading during the hypersaline regime. In turn, TPB was
closely related to SRP and TP when the estuary was hyposaline. This
means that while in the hyposaline regime phosphorus appears to be a
significant driver of TPB concentrations, in the hypersaline regime the
phytoplankton growth is related to all nutrients. These positive corre-
lations reflect the spatial variation along the salinity gradient in both
regimes, in which higher nutrients and TPB were always greater up-
stream. Additionally, these findings indicate a bottom-up control of the
temporal variation of TPB (Saeck et al., 2013; Buck et al., 2014).

However, is important to note that SRP concentrations during hy-
posaline regime were higher than that found in hypersaline conditions,
suggesting that other factors prevented a larger uptake of this nutrient
by the phytoplankton and a consequent upstream TPB accumulation.
Often, the limiting factors to phytoplankton associated with rainfall
increase are reduced water residence time and lower light availability
(Saeck et al., 2013), which appears to be our study case.

The TPB exhibited the lowest concentration in April. On the one
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hand, freshwater flow can carry nutrients into estuaries and conse-
quently increase their concentrations and availability for phyto-
plankton (Barroso et al., 2016), whereas on the other hand flow events
also decrease water residence time and increase the turbidity (Lancelot
and Muylaert, 2011; Tirok and Scharler, 2013). Therefore, in tropical
estuaries, either an increase or a decrease in phytoplankton biomass can
occur in the rainy season (Barroso et al., 2016).

The Zeu/Zmax ratio in April was lowest in the upstream zone
(Supplementary Table S1), indicating a higher potential for light lim-
itation in the rainy period due to the increased risk of phytoplankton
cells sinking out of euphotic zone, leading to a loss of TPB (Lu and Gan,
2015), given that the estuary was well mixed. In the rainy period, the
presence of more stressful conditions for phytoplankton growth and
greater cell senescence were indicated by high Phaeo:Chlor ratios
(Taguchi et al., 1993) observed at Stl and St2 in April. Once a higher
phaeophytin concentration can be also a result of intense grazing
pressure on phytoplankton (Taguchi et al., 1993), the role of the tem-
poral dynamics of zooplankton on regulating this community by a top-
down control cannot be discounted (Carrasco and Perissinotto, 2012)
and should also be investigated.

In turn, in the hypersaline regime, St1 and St2 presented pro-
nounced levels of TPB during October and December when salinity
reached maximum levels (up to 63) and water residence time was high.
The peaks in TPB at high salinities were recorded in other hypersaline
estuaries (Bettarel et al., 2011; Muir and Perissinotto, 2011). The
combined effects of the higher water residence time (Lancelot and
Muylaert, 2011; Tirok and Scharler, 2013) and efficient nutrient uptake
rates by phytoplankton (du Plooy et al., 2014; Hemraj et al., 2017)
could explain such an increase under hypersaline conditions as well as
the depletion of DIN (on October and December) and SRP (on De-
cember).

Our results for an hypersaline estuary were consistent with those
found in positive estuaries, as the TPB peak occurred during the season
of higher water residence time (Saeck et al., 2013; Lu and Gan, 2015;
Geyer et al. 2018), independent of the salinity (up to 63). The TPB peak
at St1 during the hypersaline period suggests the salinity was not suf-
ficiently high to cause osmotic stress capable of causing a crash in the
phytoplankton community, at least concerning total biomass. An ana-
logous situation was found in Coorong estuary (Australia), where the
increase in water residence time benefited the local phytoplankton
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community, despite the salinity being up to 72 (Jendyk et al., 2014).
Other studies performed in Coorong observed that chlorophyll a started
to decrease at salinity levels > 107, suggesting that the local phyto-
plankton community can tolerate a wider range of salinity (Leterme
et al., 2015). However, this rise in TPB under hypersaline condition
often occurs due to an increase in dominance of few species tolerant to
salinity, including harmful algae (Jendyk et al., 2014; Nche-Fambo
et al., 2015; Kang et al., 2015; Hemraj et al., 2017). These cases cor-
roborate our findings, indicating that a longer flushing time would
favor TPB even at moderate hypersaline conditions. However, the role
of salinity on phytoplankton biodiversity must still be carefully eval-
uated.

It is important to note that dissolved silica peaked in April and
October. The first peak in the rainy period has been previously observed
in positive tropical estuaries when they receive higher freshwater in-
puts (Sarma et al., 2010; Subha Anand et al., 2014). However, the peak
observed in October could be related to long water residence times that
also could led to Si build-up by retention (Largier et al., 1997). In ad-
dition, since the freshwater was not the source of Si in the dry season,
recycling of biogenic silica could also explain its increase as shown in
the Elbe estuary (Germany) during prolonged residence times (Amann
et al., 2014). Additionally, the peak of non-siliceous species of phyto-
plankton in October cannot be ruled out as a further explanation to Si
build-up, and should still be evaluated.

The TP peak in October (in all stations) could also be associated
with sediment resuspension and retention due to a high water residence
time. Anthropogenic inputs are also an additional P source as the site
has been intensively occupied by shrimp farms (Schettini et al., 2017).
Moreover, SRP values were comparable to those in other tropical es-
tuaries subjected to anthropogenic impacts that may be caused by
shrimp farms (such as the Jaguaribe estuary in northeast Brazil)
(Eschrique et al., 2008) and agricultural or domestic effluent discharge
(such as the Godavari estuary in India) (Sarma et al., 2010). Although
even the highest SRP levels in the Piranji estuary were lower than that
observed in heavily polluted tropical estuaries (Guenther et al., 2015),
it is difficult to affirm whether the estuary is under low anthropogenic
impact or whether the system is resistant owing to P retention in se-
diments (Wang and Li, 2010). In the lower estuary, SRP concentrations
were within the range of coastal waters from northeast Brazil (Bastos
et al., 2011).

Nitrogen dynamics were also related to salinity with TN and DIN
decreasing towards the sea. DIN indicated a clear peak in April which
was negatively correlated with salinity, and possibly associated with
the increased river discharge as previously reported (Silva et al., 2015).
In most of the stations, throughout the year, ammoniacal-N accounted
50-90% of DIN and reached higher concentrations at Stl1 and St2.
Particularly at St1, ammoniacal-N suffered an intense decrease during
October and December, possibly related to the phytoplankton biomass.
Ammoniacal-N can have anthropogenic sources and result of biological
excretion and organic matter regeneration by bacterial activity (Bhavya
et al., 2016). However, undersaturated levels of oxygen may prevent
the efficient conversion from ammoniacal-N to nitrite and nitrate by
bacteria (nitrification) (Molnar et al., 2013). A significant inverse
Spearman correlation was found between DIN (50-90% ammoniacal-N)
and oxygen both in hyposaline and hypersaline periods (Supplementary
Tables S3 and S4, respectively). Ammoniacal-N can also be produced by
dissimilatory nitrate reduction to ammonium (DNRA) (Giblin et al.,
2013) which is important to reduce nitrate and to conserve input ni-
trogen as NH, " (biologically preferred form of N) (Reynolds, 2006) in
the system (Molnar et al., 2013; Cao et al., 2016). The observed am-
moniacal-N enrichment is comparable with concentrations found in
tropical eutrophic estuaries such as the Cachoeira estuary in northeast
Brazil (Silva et al., 2015) and the Cochin estuary in India (Bhavya et al.,
2016). Only at St1 were the concentrations below the limit of detection,
possibly due to phytoplankton assimilation in October and December.
Other processes could be also related to DIN decrease such as
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denitrification (reduces NO3~ and NO, ™~ to N, and N,O) and anaerobic
ammonium oxidation (Anammox; NH,* + NO,~ — Nj) (Burgin and
Hamilton, 2007). Particularly at St2, the decline in DIN was accom-
panied by a decline in TN, which suggests that nitrogen was removed.

Concerning the DIN:SRP ratios, elevated values were obtained in
April which was consistent with the higher freshwater ratios in com-
parison to marine waters (Howarth and Marino, 2006). The sharp de-
cline at Stl in October and December was possibly caused by the
phytoplankton bloom which is an active component in determining the
water stoichiometry (Deutsch and Weber, 2012). This event occurs by
nutrient uptake leading to N or P depletion in the water (Arrigo, 2005).
Therefore, the elevated phytoplankton (persistent from October to De-
cember) must have been sustained by species strongly adapted to living
in a low DIN:SRP ratio and fast-growing.

Small estuaries are usually neglected, and not only scientifically,
despite being locally important since they support local populations and
fishing resources. They can also sustain planktonic communities
adapted to face rapid environmental changes, such as the shift from
hypo-to hypersalinity. The unusual condition of these estuaries high-
lights the importance of our study as a model to understand the beha-
vior of relatively small tropical estuaries under the influence of a semi-
arid climate with respect to intra-annual and spatial dynamics of nu-
trients and total phytoplankton biomass. Further studies should identify
the species of the phytoplankton community and the other components
of the planktonic trophic web. Considering prevalent climate change,
increases are predicted in the frequency and intensity of droughts and
salinity in estuaries. Their effects on phytoplankton community (rich-
ness and dominance) may be critical for the survival of this ecosystem
and need to be better understood.

5. Conclusions

In this semi-arid estuary, rainfall rather than drought stood out as a
disturbance for phytoplankton biomass. The changes in the water bal-
ances (from a short fluvial discharge to a long evaporation and high
water residence time) had striking effects on phytoplankton biomass
and nutrient dynamics marked by a phytoplankton bloom during the
water shortage season.
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