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Abstract

Spatial and temporal variations in the distribution of the marine picoplanktic cyanobacteria population and mixing conditions were found in
the Ebro River estuary outflow to the Mediterranean Sea in Spain. Six sampling surveys were undertaken between July 1999 and February 2000
for distances up to 15 km from the river mouth. Measurements were taken of flow velocity, salinity, temperature, depth and picocyanobacteria
(PCB) abundances. Gradient Richardson (Rig) and Reynolds (Re) numbers were determined to evaluate hydrodynamics. In summer, large values
of Rig arise from the small flow rates, and small values of velocity shear between the surface fresh water layer and the bottom saline layer;
conversely, in winter the large flow rates and attendant large velocity shears between the layers give rise to small values of Rig. Flow conditions
in the fall are an intermediate case between the summer and winter cases. Vertical abundance distributions were resolved through the river water,
interfacial region, and the bottom salt wedge; longitudinal gradients of PCB abundances were also resolved. Seasonal differences in the PCB
abundance values were observed. Analysis of cell numbers (C ) showed that the variable dC/dS, the dependence of cell number upon salinity
gradient (dS ) was critical. A non-dimensional number; the cellular gradient number (Cg) is introduced. Cg has useful biological interpretations
that can potentially be included in ecological modeling. For example, Cg¼ 1 pertains to perfect adaptability of the organism to adjust to chang-
ing environmental conditions, whereas Cg¼ 0 describes total mortality. For a system with strong advection there is insufficient time for cells to
adapt to the changing environment, and so those cell counts are unchanged. This is the case for the Ebro estuary in winter as advection of salinity
(and hence PCB abundance) dominates the other loss processes for large flow rates.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

It is important to assess the impacts of increasing pollution
on the estuarine environment. This is because estuarine envi-
ronments are areas of feeding, growth and reproduction for
complex organisms due to its rich waters, and so is a location
that provides critical input into the base of the food web (Islam
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and Tanaka, 2004). Modeling of impacts is difficult as it re-
quires understanding of coupling between hydrodynamic and
biological processes; the difficulty is compounded by the inher-
ent temporal and spatial variability of both the hydrodynamics
as well as the biological fields. An important first step is to un-
derstand the coupling between hydrodynamics and biology.
There is, however, a lack of data that relate biological and
hydrodynamic measurements. The objective of this paper is
to determine the role of salinity upon picocyanobacteria abun-
dances in the estuary of the Ebro River in north-eastern Spain.
The magnitudes of tides are small in rivers out-flowing to the

mailto:huq@udel.edu
http://www.elsevier.com/locate/ecss


154 A. Carrillo et al. / Estuarine, Coastal and Shelf Science 76 (2008) 153e162
Mediterranean Sea. Typically estuaries in the Mediterranean
Sea are stratified with a wedge of relatively dense (saline) water
penetrating upstream under the out-flowing river water in such
estuaries. A density interface exists between the fresh and saline
waters, and the extent of the upstream penetration of the saline
wedge is dependent upon the river flow magnitudes (Perkins,
1976).

The work described is part of the PIONEER project (Euro-
pean Project at the Ebro River estuary), and the results pre-
sented in this paper are part of a more extensive study of the
phytoplankton ecology in the lower Ebro River. We report on
the abundances of picoplankton for a distance of 15 km up-
stream from the river mouth. It was found that the picoplankton
is composed of minute chroococcoid cyanobacteria and eukary-
otic phytoplankton cells. The abundance of picoplankton has
been measured in estuarine studies (e.g. Ray et al., 1989; Iriarte,
1993; Sin et al., 2000). Here the contribution of picoplankton to
the total aquatic net primary producers is at least 10% (Raven,
1998). This affirms the role of picoplankton as an integral com-
ponent of the microbial food web (Sieburth et al., 1978). Fluc-
tuations in nutrient concentration levels, temperature or light
can result in seasonal variations of 2e3 orders of magnitude
in picoplankton cyanobacteria abundance in coastal and shelf
ecosystem; in contrast, in the open ocean variations in abun-
dance generally only vary by a factor of approximately 2
(Chiang et al., 2002). Pérez and Carrillo (2005) analyzed the
same phytoplankton fraction, picoplankton cyanobacteria
(PCB), as in this work and found a direct relationship between
salinity and PCB abundances, and also that the fresh water
values for PCB were zero.

We report measurements of the spatial (vertical and longitu-
dinal) and temporal (seasonal) variations of PCB abundances
in the Ebro River estuary. Section 2 describes the location of
the study area, and presents information of the sampling meth-
odology, as well as the hydrodynamic or flow magnitudes. Sec-
tion 3 presents results distinguishing the role of salinity from
those conditions controlled mainly by the river flow. The rela-
tionship between salinity and PCB abundances is discussed in
Section 4. Our observations suggest that PCB abundances are
dependent upon the salinity gradient, and we introduce a biotic
index e a cellular gradient number e to relate hydrodynamics
and biology measurements.

2. Materials and methods

2.1. Study area

The area comprises the lower part of the Ebro River e the last
15 km e from Gracia Island to its mouth in the Mediterranean
Sea (Fig. 1). It is located in the north-west of the Mediterranean
Sea in northern Spain close to the border between Spain and
France between 40�400 N and 00�400 E. The Ebro River is
960 km in length, and has a drainage area of 88,835 km2, and
is one of the main rivers in Spain with several dams that control
the river flow (Ibá~nez et al., 1999). In general, low rainfall in the
summer results in small river flows (approximately 100 m3 s�1),
whereas high rainfall in the winter results in larger river flows
(approximately 450 m3 s�1). Suspended inert solid’s concentra-
tion conditions are usually low. The region has a dry Mediterra-
nean climate with a mean annual temperature of around 16e
17 �C, and approximately 550 mm of rainfall per year (Martı́nez
et al., 1999). Experimental measurements were taken in the
summer, fall and winter between July 8 and 12, October 5
1999, and February 3 and 5 2000, respectively.

2.2. Sampling

Water samples were taken in the water column at six sam-
pling stations (Fig. 2). At each station, 10 water samples
were taken at different depths; four samples were located
at fixed depths (surface and 1.5, 3 and 4.5 m below the
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surface), and a further six samples were obtained deep in the
fluid column of the river (and through the fresh wateresea
water interface).

Temperature and salinity (Practical Salinity Scale) were
measured with a Seabird CTD and a Hydrolab Surveyor 3
multiparametric probe, and velocity was measured with an
ADP Nortek. The water samples were taken using a pump
with the hose located at the depth selected by the Hydrolab.
The Hydrolab can measure temperatures between �5 and
50 �C (accuracy �0.10 �C), specific conductivity between
0 and 100 mS m�1 (accuracy �1%) and depths between
0 and 100 m (accuracy �0.1 m). The ADP was calibrated
in shallow waters, and can measure in a depth range between
0 and 6 m with a resolution of 0.20 m; the minimum distance
to the first depth of 0.4 m. The velocity range was
�10 m s�1, velocity resolution �0.1 cm s�1) and maximum
sampling rate of 0.5 Hz. Velocity time series was averaged
over 20 s.

Phytoplankton samples for qualitative and quantitative
analyses were collected in bottles at each depth. The material
was fixed in situ with glutaraldehyde (2% final concentration)
according to Sournia (1978). A slide was prepared from
each sample by filtering 10 or 20 ml of water, depending on
phytoplankton concentration, onto 0.2 mm Millipore mem-
brane filters. Under blue light excitation, cyanobacterial cells
fluoresced yellow-orange. The cell counts were done by epi-
fluorescence microscopy (Vargo, 1978) using a Nikon Opti-
phot microscope equipped with a mercury lamp, using 100�
oil-immersion objective. A minimum of 300 cells were
counted and at least 100 cells of the more abundant species
with an error less than 20% in accord with Lund et al.
(1958).

2.3. Non-dimensional parameters

Results are presented in a coordinate system where the
x-axis is in the direction of the river flow, the y-axis is orthog-
onal to the river flow and the z-axis indicates depth. A sche-
matic of the fresh water river flow separated by a density
interface above the intruding salt water wedge is presented
in Fig. 3. The interface begins at depth D, and the end of
the interface occurs at depth Dþ h so that the interface or mix-
ing layer thickness is h.

2.3.1. River flow
The river flow (Q) is calculated by:

Q¼ Au ð1Þ

where A is the cross sectional area and u is the mean velocity
of the river.

2.3.1.1. Gradient Richardson number. The buoyancy fre-
quency (N2 ¼ �g=r0ðdr=dzÞ) of the density gradient (dr/dz)
is related to the strength of the buoyancy force; the magnitude
of the inertial forces is related to the velocity gradient. The rel-
ative balance between buoyancy and inertial forces, expressed
by the ratio of the square of the buoyancy frequency N and the
velocity gradient (du/dz), is the gradient Richardson number
Rig. It is known that the vertical mixing rates decrease with
increasing Rig (Turner, 1973), where Rig is formally given by:

Rig¼ N2

�du
dz

�2
¼�g

r0

dr
dz�du
dz

�2
ð2Þ

where u denotes the mean velocity, g the gravitational acceler-
ation, r and r0 denoted the mean density and the mean density
in the middle of the mixing layer, respectively. The gradients
dr/dz and du/dz occur across the interface or mixing layer.

2.3.1.2. Reynolds number. The Reynolds number relates the
relative magnitudes of inertial to viscous forces. Formally:

Re¼ uD

v
ð3Þ

where u and D are velocity and scale characteristics of the flow
and n is the kinematic viscosity of the fluid.

3. Results

3.1. Values of the hydrodynamical parameters Re and
Rig for the Ebro River

Values of flow rates for summer, fall and winter were
114 m3 s�1 (July 12) and 184 m3 s�1 (July 8), 282 m3 s�1 (Oc-
tober 6), 635 m3 s�1 (February 5) and 900 m3 s�1 (February
3). These correspond to values of Re on July 8 of 4� 104

and 1.3� 105; 104 and 2� 105 for July 12; 1.3� 105 and
7� 105 for October 6 and February 5. Values of flow rates, ve-
locities, PCB, salinities, temperature and each of the three
layers in the estuary (river or fresh water layer at the surface,
mixing layer at the interface and the sea or saline layer at the
bottom) are tabulated in Table 1.
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Fig. 3. Vertical section of the estuary showing a three-layer structure of river

water in the topmost layer, an interfacial layer in the middle, and a bottom sa-

line wedge. The symbols C, U and r are cell number, velocity and water den-

sity, respectively. The x-axis is in the direction of the upper layer river flow, the

y-axis is orthogonal to the river flow, and z-axis indicates depth. Indicated in

the figure is an interfacial layer of thickness h; cell number, velocity and den-

sity vary through the depth of the interfacial layer.
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 Values of the hydrodynamical quantities, expressed in

terms of the non-dimensional parameters, the Reynolds num-
ber (Re) and the gradient Richardson number (Rig) are useful
to facilitate comparisons. The measured data show that
Rig f Re�3/2 in Fig. 4. In summer, large values of Rig arise
from the small flow rates, and small values of velocity shear
between the surface fresh water layer and the bottom saline
or sea water layer; conversely, in winter the large flow rates
and attendant large velocity shears between the layers give
rise to small values of Rig. Flow conditions in the fall are
an intermediate case between the summer and winter cases.
No saline wedge intrusions were observed for large flow rates
where the value of the Re numbers were greater than 106.

3.2. Saline wedge variability

Out-flowing fresh water of depth D is separated by a salinity
interface of thickness h above the bottom saline wedge. Values
of salinity were 0.4 and 35.4 psu at the top and bottom of the in-
terface. The longitudinal variation at the center of the interface
(Dþ h/2) is shown in Fig. 5. Upstream values of (Dþ h/2) are
greater with measured values between 2.5 and 8.7 m below the
surface, whereas at the river mouth values ranged between 1 and
4 m. The depth of the center of the interface is dependent on the
river flow and thus there is also a seasonal variation. It is evident
in Fig. 5 that interfacial depths are greatest in the winter and
smallest in the summer.

3.3. Vertical distributions of picoplankton cyanobacteria
abundance

Vertical profiles of PCB abundance at each of the six
stations in the estuary are presented in Fig. 6 for summer,
fall and winter. The vertical axis is depth and the horizontal
axis is abundance in this figure. Abundances are small near
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Fig. 4. The parameter space RigeRe of the estuary for summer, fall and winter.
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(>). A best-fit line Rig z Re�3/2 is fitted through the data.
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the surface and greatest close to the bottom of the river. The
figure shows the main changes in abundances occurred at
the interface (delineated by horizontal lines) and its vicinity.
Abundances varied in the different layers, smallest values
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Fig. 5. Plot showing the longitudinal evolution of the middle of the interface

(Dþ h/2) in the estuary, for summer, fall and winter.
(0.1< cell (L�1)< 5� 106) were found in the fresh upper
layer; the interfacial layer possesses intermediate values
(0.2< cell (L�1)< 1.6� 107); and highest abundance values
(0.2< cell (L�1)< 3� 107) occur in the bottom saline wedge.
A one-way ANOVA variance analysis (probability P< 0.05)
shows that the difference between abundances in the different
layers was significant, whereas there were no significant dif-
ferences (P> 0.05) within each layer. There is also a seasonal
variation of abundance in Fig. 6 between summer, fall and
winter; however, the seasonal variation is more evident in
Fig. 7.

3.4. Seasonal variation of distributions of picoplankton
cyanobacteria abundance

For each layer, the average value of abundance in the layer
was determined from the total abundance of all six stations
(R1eR6). Data were collected on 2 days in each season (8
and 12 July, 5 and 6 October, 3 and 5 February) to determine
seasonal variability (summer, fall and winter). Fig. 7 shows
that the abundance of picoplanktic cyanobacteria increases
from summer to fall, and decreases from fall to winter in
both upper fresh water and lower brackish water layers.
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Averaged abundance values for summer, fall and winter were
9.7� 105, 1.6� 106, 4.03� 105 and 1.03� 107, 3.15� 107,
1.5� 107 for the upper and lower layers, respectively. Values
of the abundance for the interfacial layer were 5.2� 106,
6.4� 106, 6.9� 106 for summer, fall and winter. A one-
way ANOVA variance analysis (P> 0.05) showed that there
were no significant differences between the results of summer
(July 8 and 12) and fall (October 5 and 6), however, the dif-
ferences in winter (February 3 and 5) were significant
(P< 0.05). This was due to the absence of a saline wedge
on February 3.

The fresh water value for PCB abundance is zero, and the
maximum PCB abundance value of 93.7� 106 cell (L�1) was
measured in the saline layer at the mouth of the estuary in
October 6 at a depth of 3 m. Additionally we also integrate
the total phytoplankton (including PCB) in the water column
and PCB values. Fig. 8 shows the seasonal variation for total
phytoplankton, the total PCB abundances and the PCB frac-
tion of the total abundance. The minimum value of PCB
abundance (8.2� 107 cell (L�1)) occurred on February 3,
and the maximum occurred on October 6 (5.3� 108 cell
(L�1)). The minimum and maximum values of total phyto-
plankton abundance were 1.2� 108 cell (L�1) and 1.3� 109

cell (L�1), respectively. The fractional contribution of PCB
to the total phytoplankton abundance is also shown in
Fig. 8 (by the ordinate to the right). The fractional contribution
of PCB to the total phytoplankton increases when the total
phytoplankton abundance decreases. Note that the maximum
fractional values (approximately 75%) occurred in the winter.

3.5. Relationship between salinity and PCB abundance

It is evident in Fig. 9, that at each station (R1eR6), PCB
abundance (C ) is proportional to salinity (S ) in an
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approximately linear manner. Thus, change of PCB abun-
dance (dC ) is equal to the product of the change of salinity
(dS ) and gradient m (i.e. m¼ dC/dS ). (Note that the
gradient m is a depth related measure.) The constant of pro-
portionality (or gradient m) varies for each station; the gra-
dient was greatest for station R1 (river mouth) and the
smallest value of the gradient occurred at the most upstream
location (R6). This was true for summer (A, B), fall (C) and
winter (D).

The total slope change (dm/dx) was defined as the differ-
ence between the gradients at stations R1 and R6 (i.e.
m1�m6)/dx where dx is the distance between stations R1
and R6. The dependence of the total slope change on the
river flow is presented in Fig. 10. Note that the dependence
of the slope change upon Q is non-monotonic. For small
values of Q (less than 282 m3 s�1) the total slope change is
positive; in contrast, the slope change is negative for larger
Q. One interpretation of the small PCB concentrations in
samples with low salinities is that cells are conservative
tracers for sea water in the estuary. However, this may not
be the complete explanation for a system which has other po-
tential processes of loss (mortality; predation; variability of
light, temperature, nutrients etc.) and advection. For the
case of a system with strong advection there is insufficient
time for cells to adapt to the changing environment, and so
those cell counts are unchanged. This is the case for the
Ebro estuary when it is stratified with a saline wedge.
Flow rates, particularly at the mouth of the estuary, and
also within the estuary, are very much greater compared to
the upstream river flow rate when a saline wedge exists.
This arises because mixing of fresh and sea water (in the es-
tuary) results in much larger magnitudes of inflow and out-
flow at the mouth of the estuary (and also within the
estuary) than the upstream river flow (Perkins, 1976). Effec-
tively advection of salinity (and hence PCB abundance)

8 Jul 12 Jul 5 Oct 6 Oct 3 Fev 5 Fev
0

5

10

15
x 108

To
ta

l A
bu

nd
an

ce
 [c

el
l]

Abundance contribution [%
]

Total cells PCB abundance
contribution

PCB
abundance

20

40

60

80

Fig. 8. Seasonal variation of the integrated cell numbers through the water

column. The ordinate for total cell number (>) and PCB abundance (B)

is given by the left hand scale. PCB abundance contribution to the total phy-

toplankton (-) is given by the right hand ordinate. Error bars are shown.



159A. Carrillo et al. / Estuarine, Coastal and Shelf Science 76 (2008) 153e162
0 10 20 30 40
0

2

4

6

8

10

12

14

16
x 106

A

 P
C

B 
[c

el
l (

L−1
)]

July 8

R1

R2

R3

R4

R5
R6

0 10 20 30 40
0

5

10

15
x 106

B

 P
C

B 
[c

el
l (

L−1
)]

July 12

R1
R2

R3

R4

R5
R6

0 10 20 30 40
0

2

4

6

8

10
x 107

C

 P
C

B 
[c

el
l (

L−1
)]

October 5 

R1

R2
R3
R4
R5

0 10 20 30 40
0

0.5

1

1.5

2

2.5

3
x 107

D

 P
C

B 
[c

el
l (

L−1
)]

Salinity [psu]

February 5

R1
R2

R3
R4

R5
dominates the other loss processes for large flow rates (in the
winter months) in the Ebro estuary.

3.6. Analysis of PCB gradients

The maximum values of gradient (m0) of PCB concentration
occur at the mouth of the estuary: values decrease upstream.
Fig. 11 shows the variation of the PCB gradient (m) through
the estuary. The vertical axis is normalized by m0 so as to yield
a value of 1 for the normalized gradient at the river mouth. The
horizontal axis is the upstream distance from the river mouth. It
is evident that normalized gradients m/m0 decrease with up-
stream distances to values of 0.15 at x¼ 15 km. The continual
decrease of gradients is a characteristic of diffusive processes.
The measured variations give a value of a diffusion coefficient
of 1930 m2 s�1. Hydrodynamic turbulent diffusion coefficients
Khydro can be calculated by estimating velocity and length
scales of turbulent mixing; for this calculation, values of veloc-
ity and length scales are estimated to be proportional to mean
velocity (0.5 m s�1) and depth (10 m), so that an upper bound
estimate of Khydro is 5 m2 s�1. The large value of 1930 m2 s�1 is
a biological turbulent diffusion coefficient Kbio for the decay of
PCB is dominated by the losses of PCB. The ratio of Kbio/Khydro

is found to be given by:

Kbio ¼ Khydro

1

logð m
m0
Þ ð4Þ

This shows that Kbio is equal to the product of Khydro and
a modulating factor proportional to 1/log(m/m0). This form

Fig. 9. Data for PCB against salinity from July 8 (A) and 12 (B), October 6 (C)

and February 5 (D); lines are best-fit lines for cellesalinity gradient

(vC/vS¼m) through the data for each of the stations R1 (*, dashed), R2

(D, solid), R3 (B, dashed), R4 (þ, solid), R5 (,, dashed) and R6 (7, solid).

100 200 300 400 500 600 700
0

0.5

1

1.5

2

2.5
x 106

Q [m3s−1]

Δ 
m

Summer Fall Winter

Fig. 10. Dependence of the total slope change (Dm) on flow rate Q.
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of Kbio is consistent with the solution of the diffusion equation
for a non-conservative scalar (Fischer et al., 1979).

4. Discussion

The Ebro estuary possesses a saline wedge, and the dy-
namics are dominated by the advection arising from mixing
and large flow rates associated with a saline wedge. We find
that inside the Ebro estuary the variations in PCB numbers
can arise from salinity changes, and distance from the river
mouth, or depend on the season. The present results are in
accord with the general coastal and shelf ecosystem observa-
tions of PCB populations by Olson et al. (1990) and Chiang
et al. (2002).

The Reynolds and the gradient Richardson numbers reflect
hydrodynamic characteristics, and they can be utilized use-
fully, for example, to infer vertical mixing rates in a stratified
estuary. It was noted previously that the value of the gradient
m changes longitudinally from R1 to R6. We now show that
the biological characteristics can be usefully described by
a cellular gradient number (Cg) equivalent to a non-dimen-
sional m. Cg is defined as

Cg¼ DS

C0

dC

dS
ð5Þ

In Eq. (5) C0 is the maximum cell number in the estuary, DS
is the salinity range at a given R station, and dC/dS is the
gradient of PCB abundances with salinity (recall that
m¼ dC/dS ). By definition values of Cg can never be greater
than 1.

Data for Cg variation are presented in Fig. 12, here the
ordinate is the cellular gradient number (Cg) and the abscissa
is the advection time (T¼ x/u). Values of Cg decrease from 1
to 0.15. There is a seasonal variation. Summer data for Cg
decrease more slowly and approach values of 0.15 at
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Fig. 11. Variation of normalized PCB cell number (m/m0) with longitudinal

distance x. Data for July 8 (*) and 12 (D), October 6 (B) and February 5 (,).
x/u w 0.9. Winter and fall data for Cg decrease rapidly and
approached values of 0.15 at x/u w 0.3. Note that lower
flow rates in the summer increase advection times. (See
Fig. 4 for flow rates.) This is accounted for by greater flow
rates (and consequent greater turbulent diffusivities) in the
winter and fall.

The data in Fig. 12 show that the values of Cg in the winter
and fall decrease faster than in the summer, due to greater flow
rates and advection. This is consistent with greater diffusiv-
ities. Large turbulent diffusivities increase mortality and the
vertical transport of new PCB cells from saline waters to over-
lying fresher waters. The schematic of Fig. 13 shows the con-
trast between summer and winter scenarios. In summer, the
fresh water flow rates are small (<200 m3 s�1), and the inter-
face is near horizontal at approximately 1 m depth from the
surface, and values of Cg attenuate from the unity value
(Cg w 1) at the mouth of the estuary to 0.15 at 11.5 km up-
stream by time T¼ 19.2 h. In winter, the fresh water flow rates
are larger (>600 m3 s�1) and the interface slopes to the bottom
of the estuary; the range of values of Cg is similar (Cg w 1 at
the mouth of the estuary and decreases to 0.15 at 15 km up-
stream by time T¼ 8.6 h).

The cellular gradient number evaluates the difference in
abundance of PCB between the upper river water and the
lower saline water in the estuary. As discussed previously,
variations in Cg can rise from either hydrodynamic or bio-
logical effects, namely turbulent transport or losses (and/or
growth), respectively. Our analysis showed that hydrody-
namic turbulent diffusivities are approximately 5 m2 s�1

whereas biological turbulent diffusivities (inferred from
Fig. 11) are 1930 m2 s�1; these are consistent with the
greater role of losses in the estuary of the river Ebro. Note
that we do not measure cell changes such as cell growth
but rather consider cell numbers. In this work water samples
were fixed to preserve the chlorophyll, and blue light was
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Fig. 12. Variation in the PCB cellular gradient (Cg) with time in the estuary.

Data for July 8 (*) and 12 (D), October 6 (B) and February 5 (,). Cg values

for winter decrease faster than in the summer.
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used for cell counts under microscopy. This ensures that ex-
cited cells fluoresced whereas dead cells did not. This tech-
nique allows for the measurement of cell numbers in the
water sample; however, we do not know the number of
dead cells, or the cause of death.

Biologically the cellular gradient number, in this work can
be interpreted as the ability of organisms (in our case PCB) to
adapt to salinity changes in the aqueous environment. Cg¼ 1
implies perfect adaptation to changes in the environment, and
equilibrium in population. Cg� 1 implies weak adaptability
and large loss rates. Variations with salinity, specifically dC/
dS, determine Cg values in the strongly advective and stratified
Ebro estuary. We speculate that it will be possible to form
equivalent Cg for other environmental variables such as tem-
perature, light, nutrients and/or a combination of those can
be important for other populations; we suggest that other
such appropriately defined cellular gradient numbers will
also be useful.
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Appendix 1. List of variables and units
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