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Abstract The Gulf of Ana Maria is located in the southeast Cuban platform and is
one of the most important regions for fisheries in the country. Taking into account
that marine primary production defines the areas and yields of fishery production,
we develop a habitability index that quantifies the environmental suitability for
phytoplankton assemblage development. The index considers light and limiting
nutrient as the main environmental factors governing the phytoplankton primary
production in the Gulf of Ana Maria. We considered a function of radiation
described by a photosynthesis model and function of nutrient described by a
eutrophication index. Quantitative estimates of habitability were made in nine
stations at 1:00 PM and 4:00 PM for a typical day of October, in order to match
with the available field data. Solar irradiation at sea surface was calculated by using
the tropospheric ultraviolet and visible computational code TUV4.6, and we
derived the data of attenuation coefficient of light from Secchi depth data. Besides,
we used nutrient concentration of soluble reactive phosphorus (limiting nutrient).
We obtained the first optical classification of the waters of the Gulf of Ana Maria,
with a dominance of coastal water C5. It was found an intermediate potential
(~50%) for phytoplankton development in the Gulf of Ana Maria, which is mainly
limited by nutrients rather than by light. Further refinements in both the index and
data collection are expected to reach more accurate conclusions.
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1 Introduction

Coastal environments are one of the most ecologically and socioeconomically
important on the planet. Despite their relatively small coverage (occupying only
~ 8% of the ocean’s surface area), they contribute to 15-30% of global primary
production, >40% of seabed carbon sequestration, and 80% of world fishing capture
[1-3]. Coastal ecosystems have an important role in the global biogeochemical
cycles of carbon and macronutrients [4], and they are considered buffering systems
between the continents and the open ocean. The coastal ocean provides nutrients to
the open ocean, and much of these nutrients come from rivers runoff [5]. Some
quantitative studies have shown that when the coastal nutrient supply is enhanced,
both the coastal ocean and the open ocean primary production and chlorophyll-a
(chl-a) concentration increase in comparable amounts [6]. However, in general,
coastal phytoplankton assemblages are more sensitive to environmental changes
than the oceanic ones [1, 2].

The coastal waters of Cuba are very important for the biogeographic processes
affecting the biodiversity of the so-called Great Caribbean Region and for con-
servation and sustainable use of natural resources in this region [7]. Moreover, it
has been reported that several regions of the Cuban coasts fertilized the oligotrophic
waters of the Caribbean Sea [8]. However, coastal waters of Cuba are threatened by
fishing, tourism, as well as other economic activities associated with the marine
platform [7]. Especially, phytoplankton is very vulnerable in some regions of the
country due to both natural variability and anthropogenic activity [9].

The main flux of nutrients into the Cuban coastal waters comes from hydro-
graphic basins; thus, damming of rivers has recently caused a reduction of nutrient
loading to coastal waters [10, 11]. This situation has affected the Gulf of Ana Maria
(located in southeastern Cuban shelf), whose hydrochemical conditions are char-
acteristics of a coastal zone with excellent interchange of nutrients with the adjacent
Caribbean Sea [12]. On the other hand, this region is one of the main fishing areas
of the country, so that the productivity of various fisheries resources has declined,
such as the shrimp species Farfantepeneaus notialis [11, 13—15]. A reduced flow of
freshwater into the coastal waters causes a large variability of nutrients concen-
trations in the area which can affect the phytoplankton photosynthesis rate and the
distribution and abundance of organisms of higher levels of the trophic webs. In this
way, the potential for life in the ecosystem (i.e., its habitability) could change.

The Quantitative Habitability Theory (QHT) has been developed as a standard
framework to quantify changes in the living conditions of a natural environment
and to explain the distribution, abundance, and productivity of life [16, 17]. For
instance, the Standard Primary Habitability (SPH) is a climatological measure of
habitability of a region for most primary producers. It is a normalized scale, where
values close to one represent the best environmental conditions for the metabolic
activity of most organisms, while values close to zero are unfavorable [16].

The abundance and distribution of phytoplankton can be determined by several
variables such as nutrients, salinity, weather conditions (light, temperature, rainfall,
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etc.), and the shape of aquatic system (depth, volume, surface area, etc.) [18].
However, [19] considered that solar radiation is a factor of first-order driving
photosynthetic activity in marine ecosystems, while nutrient concentration is a
second-order factor. Given the estuarine conditions of the Gulf of Ana Maria, it
could be though that salinity has an important role in influencing primary pro-
ductivity of phytoplankton assemblages. However, spatiotemporal variability of
salinity in this area has been reported to be limited. For instance, it has been
demonstrated that salinity was rather homogenous in 38 stations of the Ana Maria
Gulf, during the raining season (October of 2011) with values in the range
36.0-37.3 ups [12]. Besides, in [20], it is reported similar values of salinity
(i.e., 36.46-38.31 ups) along the coastal line of the Gulf of Ana Maria during the
transition between dry and raining seasons and during rainy months.

Taking into account the situation previously described, this work aims to
determine the habitability potential of phytoplankton in the Gulf of Ana Maria,
through the construction of an Aquatic Primary Habitability Index (APHI), con-
sidering light and nutrients as possible environmental regulatory factors of photo-
synthetic activity.

2 Materials and Methods
2.1 Study Area

The Gulf of Ana Maria is a big macro-lagoon located in the southern-central shelf
of Cuba. It is limited to the north by the provinces of Sancti Spiritus, Ciego de
Avila, and Camagiiey and to the south by “Jardines de la Reina” archipelago, which
regulates the water flows with the adjacent Caribbean Sea. The Gulf of Ana Maria
has a surface area of 9398 km? and an average (maximum) depth of 15 m (30 m)
[21]. One of the most relevant characteristics of this geographic basin is determined
by rivers, which periodically (although unevenly) contribute to the increase of
dissolved nutrients and suspended particles concentration in its waters. The rivers
that flow into the Gulf of Ana Maria are Zaza, Agabama, southern Jatibonico, and
San Pedro [12].

2.2 Agquatic Primary Habitability Index

One of the main postulates of QHT is related to the formulation of habitability
indexes (HI) as the product of simple functions (f) of a set of environmental
variables ({x;}) (Eq. 1) that limits the primary productivity of life at any
environment [16]:
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HI = ﬂﬁ({x;})- (1)

Thus, we propose an APHI of the form:
APHI = f(R)f(N) 2)

where f(R) is a function of solar radiation and f{N) is a function of nutrients.

Radiation function f(R) The photosynthetic potential of phytoplankton in nine
stations in the Gulf of Ana Maria (Fig. 1) was quantified, and the sampling
activities were developed in October of 2011. The stations were selected taking into
account that the depth of the station was higher than the Secchi depth. The spectral
irradiances (W m > nm ') of the photosynthetically active radiation (PAR,
400-700 nm) and ultraviolet (UV, 280-399 nm) at the sea surface were determined
using the tropospheric ultraviolet and visible computational code TUV 4.6 [22] at
1:00 PM and 4:00 PM and considering solar zenith angles of incidence of 35° and
76°, respectively. These conditions match the sampling campaign.

The spectral irradiances just below the surface (z = 0), denoted by E(4, 0),
were obtained from those just above the surface (z = 0%) through the following
equation:

E(2,07) = [l — RIE(2,07), (3)

where R is the reflection coefficient calculated with Fresnel formulae [23] applied to
the interface air—water. The spectral irradiances E(4,z) at depth z were determined
using Lambert-Beer’s law of optics as:
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Fig. 1 Study area and sampling stations
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E(J,z) = E(2,07)e Kz, (4)

where K(1) is the light extinction coefficient or so-called attenuation coefficient for
the wavelength A. This parameter is a measure of the vertical light attenuation
through the water column [18]. Given to the scarce published studies for the Gulf of
Ana Maria ([12] and references therein), there is not an optical characterization of
its marine waters, and consequently, there are not data of attenuation coefficients. In
order to determine the optical type of water at each station (and therefore the set of
values of K(1), the following empirical relation [24] was used:

K=—, (5>

where K is the average attenuation coefficient of water for visible light (PAR), kis a
dimensionless constant, which is considered here equal to 2 [24], and z, is the
Secchi depth. zg together with nutrient concentration were obtained from a field
campaign conducted during October 2011 [12]. Once the average attenuation
coefficients were obtained through Eq. (5), they were compared with the coeffi-
cients of Jerlov [25] (Table 1). The optical water type assigned to each station was
the one closer to Jerlov’s value.

Beside the Secchi depth, another way to evaluate the underwater light pene-
tration is to determine the euphotic depth (zgy), which is relatively easy and
accurate to estimate [26] by determining the depth at which 1% of the PAR entering
the water remains. Making the assumption that K of PAR is approximately constant
with depth [23], the euphotic depth is given by the following equation, which was
obtained from the Lambert—Beer equation.

4.6
U= (6)
Equations (7) and (8) were used to determine the irradiances of the photosyn-
thetically usable radiation (PUR) and UV, respectively. The asterisks indicate that

Table 1 Average attenuation coefficients and optical classification of Jerlov for marine waters
[25]

Waveband Coastal waters Oceanic waters

Cl1 C3 C5 Cc7 C9 | 1T 11
uv 1.35 1.84 2.65 3.18 4.12 0.09 0.30 0.50
PAR 0.29 0.38 0.51 0.71 1.04 0.15 0.19 0.25
UV + PAR 0.59 0.79 1.12 1.41 1.92 0.14 0.21 0.31
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both are photometric functions (i.e., they contain biological information through the
inclusion of a biological action spectrum):

700nm

Epr(@) = Y AE(L2)A2 (7)

A=400nm

399nm
EnG) = > eAE2)AL (8)
/=280nm

In the first one, A(4) is the absorptance, the fraction of light absorbed by the cell
[23] and AZ =1 nm. Considering that in general there are very few studies of
phytoplankton assemblages in the Gulf of Ana Maria, we used the absorption
spectrum of the chl-a. This one constitutes most of the chlorophyll present in
primary producers [23]. Measurements of this photopigment historically have
provided an estimate of algal biomass and its spatial and temporal variability [27].
Chl-a has two main absorption bands in the red and in the blue regions of the
spectrum (Fig. 2).

To evaluate the inhibitory effects of UV on photosynthesis, we used the same
biological weighting function (¢(4)) used in [29] which is representative of phy-
toplankton species living in tropical and subtropical latitudes. This function takes
into account the photosynthetic apparatus and DNA damages, since both contribute
to the inhibition of photosynthesis.

To determine photosynthesis rates (P(z)) at depth z normalized with respect to
the saturation rate Pg, the photosynthesis £ model of [30] was used:

P(z) _ 1 —exp[—Epar(2)/Es] (10)
Ps  1+EyE
The parameter Eg accounts for the efficiency with which a species uses PUR; the
smaller its value, the greater its efficiency. Taking into account the limited number
of studies on phytoplankton in the study area, we assumed, as our first approach, the
values Es =2 W m 2 and E5 = 100 W m ™2, which represent a very wide range of
this parameter in nature [31, 32].
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The exact value of f{lR) was determined through Eq. (11), which represents the total

photosynthetic potential (P/Ps)T, but normalized to the station depth z,,,,x. (P/PS)t was
calculated by splitting the water column into N layers of thickness Az = 1 m:

(e o

where (P/Ps); is the photosynthetic rate inside the ith layer of the water column.

Nutrient function f(N) As the function of (limiting) nutrient, we used the
Eutrophication index proposed by [33]:

C
El=—— + logA 12
C—logxi+ 0gA, (12)

where El is the eutrophication by the limiting nutrient in each sampling station for
the sampling campaign, A is the number of sampling stations, C is the logarithm of
the total concentration of limiting nutrient per campaign, and x; is the total nutrient
concentration in the sampled station. The grading scale is as follows: EI < 3
indicates oligotrophic conditions, <3 EI < 5 mesotrophic, and EI > 5 eutrophic.

Taking into account the findings of [12], we considered the soluble reactive
phosphorus (SRP) as the limiting nutrient in the waters of the Gulf of Ana Maria.
The APHI was normalized with respect to the maximum value obtained at 1:00 PM
and 4:00 PM, for each case. The spatial distribution of normalized APHI was
interpolated by SURFER 9 package.

3 Results

3.1 Optical Water Classification

The values of the light attenuation coefficient for the waters of the Gulf of Ana Maria
ranged from 0.31 to 0.73 m™', with an average value of 0.50 m~'. The lowest
(highest) attenuation coefficient value was found in the southwestern (southeastern)
area of the gulf at station 3 (137) (Fig. 3). According to the modeling framework
developed in this study, the marine waters of the Gulf of Ana Maria are categorized as
coastal waters according to the marine water classification of Jerlov [25]. The clearest
water type found was C1 (station 3), and the more turbid water type was C7 (station
137) (Fig. 3). There was not a representation of the darkest coastal waters (C9), while
the most abundant optical water type was the intermediate turbidity (C5) (Fig. 3).
Seawaters showed spatial variability in their optical properties. We identified three
optical subregions in the Gulf of Ana Maria. The first one was located near the
coastline, showing the darkest waters found in this study; the second subregion was
located in the central gulf and is characterized by an intermediate turbidity, while the
third subregion was at the western gulf and shows the clearest water types.
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Fig. 3 Average attenuation
coefficient of light and optical
classification of the waters of
the Gulf of Ana Maria. The
gray band indicates stations
with intermediate turbidity
(C5 waters)
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The average depth of the study area was 11 m, while the maximum and mini-
mum depths were 21 m (station 101) and 5 m (station 137), respectively. The
calculated extension of the euphotic layer, at most stations, was deeper than the
station depth (Table 2), while the Secchi depths were relatively shallow (Table 2).
For what concerns the trophic conditions, we found that all stations presented
oligotrophic conditions, except the station 101 which showed eutrophic conditions
(Table 2). However, we can observe that the values of the EI for SRP are relatively
close to the lower limit of the mesotrophic classification according to [33] (see
Sect. 2). This result could be related to the dominance of waters with intermediate
turbidity (C5). However, the interactions of the variables nutrients and light in
aquatic ecosystem are not totally understood and will be the focus of future work in
our group.

Table 2 Hydrographic variables determined in the Gulf of Ana Maria

Station Depth (m) Secchi K (m™ l) Euphotic EI (SRP) Trophic status
depth (m) depth (m)

98 17 3.75 0.53 8.68 2.48 Oligotrophic
101 21 3.75 0.53 8.68 5.33 Eutrophic
17 6 5.5 0.36 12.77 2.39 Oligotrophic
26 9 4.25 0.47 9.78 2.31 Oligotrophic
27 9 3.5 0.57 8.07 2.07 Oligotrophic
3 12 6.5 0.31 14.84 2.15 Oligotrophic
170 18 4.5 0.44 10.45 2.64 Oligotrophic
137 5 2.75 0.73 6.30 2.32 Oligotrophic
51 6 3.5 0.57 8.07 2.14 Oligotrophic
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3.2 Agquatic Primary Habitability Index

Figures 4 and 5 show the photosynthetic potential of phytoplankton assemblages in
the waters of the Gulf of Ana Maria. Given that stations 26, 27, 51, 98, and 101
showed the same optical water type, their photosynthetic potential curves overlap
and similarly occur for the stations 17 and 170. It can be observed that the maxi-
mum photosynthetic potential at station 137 is reached shallowest as compared with
other stations. This result can be related to the fact that station 137 has the darkest
optical water type (C7), which leads to a strong attenuation of UV radiation and
consequently reduces the deleterious effects of this waveband. In contrast, the
maximum photosynthetic potential at station 3 is reached deepest in the water
column since in this station we found the clearest optical water type (C1).

Photosynthetic potential appears to have been affected by UV radiation at the
ocean surface, which is indicated by the observed photoinhibition (P/Ps = 0).
Because UV radiation is strongly attenuated in the first meters of the waters column,
it is logic to obtain low values of the photosynthetic potential near the surface.
Then, from 6 m depth approximately (except station 137) to the bottom of the water
column, the photosynthetic potential showed the maximum value in all cases
analyzed. Thus, the highest variability of the photosynthetic potential is observed in
the first meters of the water column which is determined by the UV radiation fluxes,
while the high photosynthetic activity at the bottom of the waters column is
maintained due to the high PAR intensity reaching these depths. On the other hand,
we did not find differences of the photosynthetic potential between the most and
less efficient species using PAR (i.e., Es =2 W m 2 and Es = 100 W m2), while
a small difference was only observed at different times of the days (at 1:00 PM and
4:00 PM). In general, photosynthetic curves at 1:00 PM showed the maximum
values in shallower water than the ones at 4:00 PM. In general, the obtained results
indicate that there is no limitation by solar radiation to perform the photosynthetic
process in the waters of the Gulf of Ana Maria.

—98 —101 —26 —27—51— 17— 170 —3---137

20

Depth;m

Fig. 4 Photosynthetic potential at 1:00 PM (35°) for a most and b less efficient species using
PAR. Stations with the same color indicate that their photosynthetic curves overlap
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—98 —101 —26 —27 —51 — 17— 170 —3 --137

10 15 20 25 10 15 20 25
Depth;m Depth;m

Fig. 5 Photosynthetic potential at 4:00 PM (76°) for a most and b less efficient species using
PAR. Stations with the same color indicate that their photosynthetic curves overlap

Given there were no differences between the photosynthetic potential between
the phytoplankton species (i.e., Es =2 W m 2 and Eg = 100 W m™?), we did not
find considerable differences either in the habitability maps of those species. Thus,
in Fig. 6, we only show the spatial distribution of the APHI values for the species
Es =2 W m 2, which largely agree with the one for species Eg = 100 W m ™2,
APH]I values were normalized with respect to its maximum value at station 101. In
general, the potential to support the primary productivity of phytoplankton is
similar for the times of the day analyzed, being highest in the southwestern gulf and
lowest in the central basin. The APHI values indicate, in average, an intermediate
potential for primary production of phytoplankton (~50%). The differences of the
APHI values between stations were determined by the differences in nutrient
concentration, which suggest that the latter govern the potential of the waters of the
Gulf of Ana Maria to support phytoplankton productivity.
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Fig. 6 Spatial distribution of the values of the aquatic primary habitability index primary in the
Gulf of Ana Maria at a 1:00 PM and b 4:00 PM for the most efficient species using PAR
(Es=2Wm?)
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4 Discussion

The coastal waters are less transparent than the open ocean waters, which is
determined by the high concentration of sediments and colored dissolved organic
matter (CDOM) [34]. In general, three major components contribute to light
attenuation in aquatic ecosystems, i.e., the water itself, the dissolved yellow sub-
stances (CDOM) and the suspended particulate fraction including phytoplankton
(chl-a as a measure of phytoplankton abundance) and tripton (inanimate particulate
matter) [23]. The simplest approach to determine the contribution of each of these
elements on the light attenuation in the marine water column assumes that their
effects are additive in nature [35]. In this case, the total light attenuation coefficient,
K, is partitioned as follows:

K; = Ksw + Kcpom + Kent + Kiripton (13)

where Ky, Kcpoms Kiipion are the partial attenuation coefficients for seawater,
CDOM, chl-a, and tripton, respectively.

We suggest that tripton (specifically suspended particulate matter (SPM)) might
be present in high concentrations in the water column of the Gulf of Ana Maria.
SPM is an important distinction between estuaries and the open ocean, where SPM
concentration is low and attenuation coefficient is more strongly correlated with
phytoplankton biomass [36]. It has been reported that the benthic habitat of the
stations studied is dominated by mud with some patches of seagrass and corals [37].
Besides, during the studied period, it was reported a high number of atmospheric
phenomena such as storms and rainfalls [38], which may lead vertical mixing and
therefore resuspension of particulate matter present in high concentrations at the
seabed.

The relative shallow Secchi depth obtained in our study can be related to
above-mentioned ideas. It has been reported that the Secchi depth can be greater
than that observed if only plankton cells are responsible for the light extinction [39].
This observation means that particles other than plankton cells may be the most
important factors for determining the Secchi depth in many coastal areas. In many
coastal environments, light attenuation by suspended sediments confines the
euphotic zone to a small fraction of the surface water column [36]. However, in our
case, the euphotic depth was—in almost all stations—higher than the depth of the
station (Table 2) which indicates that independent of the existing moderate turbidity
(waters C5), still high radiation intensity can penetrate until the bottom given to
some extent to the shallowness of the analyzed stations.

In shallow coastal waters, the euphotic zone extent regulates the occurrence and
depth distribution of seafloor habitats [40] and therefore the distribution and
abundance of photosynthetic organisms. In the Gulf of Ana Maria, it has been
reported a high number of macroalgae, corals, and gorgonians inhabiting the sea-
floor [41, 42]. Corals live in symbiosis with a dinoflagellate microalga (the
so-called zooxanthellae), which need solar radiation and nutrients to develop
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photosynthesis in the same way that macroalgae and phytoplankton cells do. Thus,
it could be considered that intensity of solar radiation reaching the benthic habitats
of the Gulf of Ana Maria is suitable to fuel photosynthesis, including the phyto-
plankton photosynthesis which has shown the maximum values at the bottom of the
studied stations (Figs. 4 and 5).

The temporal variability of photosynthetic rates and depth-normalized total
photosynthetic potential is mainly determined by the flux of irradiance
(PAR + UV) that penetrates the water column at different times of the day as well
as the depth of the station. The flux of radiation at 1:00 PM is greater than at 4:00
PM. The solar angle of incidence at 1:00 PM (35°) allows very little reflection of
radiation (i.e., high penetration into the water column) at the air—water interface as
compared to the angle of incidence at 4:00 PM which is 76°.

Stations with the highest and smallest APHI were 101 and 27, respectively. They
showed the same optical water type (C5), but different trophic status (Fig. 3 and
Table 2). The station 101 had eutrophic waters for phosphorous, and this type of
water body is characterized by a high biological activity, introducing high con-
centrations of nutrients and primary production rate [18]. On the other hand, the
station 27 showed oligotrophic conditions, with very low biological activity, low
nutrient concentration and primary productivity, and limited biomass [18]. Thus, we
can infer that SRP is the environmental variable limiting primary production in the
Gulf of Ana Maria and not light. This result disagrees with earlier findings for other
aquatic systems, for which light availability was reported as the critical environ-
mental factor governing estuarine phytoplankton productivity. In estuaries, nutrient
availability is generally adequate to support production [43]; hence, light avail-
ability is the most important factor controlling biomass-specific productivity, and
consequently, primary productivity is strongly correlated with light availability. The
reported oligotrophication in the waters of the Gulf of Ana Maria could be asso-
ciated with the damming of the rivers that flow into the gulf. However, more studies
are needed to corroborate this suggestion.

5 Conclusions

In this study, we have proposed an optical classification of the waters of the Gulf of
Ana Maria as well as a quantitative index to measure its phytoplankton habitability.
It was found a dominance of waters with moderated turbidity (C5) and oligotrophic
condition for phosphorus (SRP). The latter appears to be the most important
variable influencing the primary habitability of phytoplankton. We obtained that the
Gulf of Ana Maria has an intermediate environmental potential (~50%) to support
phytoplankton productivity. However, it should be noticed that this is a preliminary
work. Both the theoretical (APHI) and experimental (sampling in time and space)
tools should be refined to reach more accurate conclusions. The APHI can be
refined by considering the interactions between the variables, while a more
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extensive data collection should be done to properly evaluate the spatiotemporal
evolution of habitability in the Gulf. This will be addressed in the near future.
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