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ABSTRACT I

HERRERA-SILVEIRA, J.A., 1994. Spatial heterogeneity and | patterns in a tropical coastal
lagoon. Journal of Coastal Research, 10(3), 738-746. Fort Lauderdale (Florida), ISSN 0749-0208.

This study using multivariate statistical approaches describes the hydrology of a tropical coastal lagoon
which is markedly atlected by the infiltration of cold nutrieat-rich groundwater discharges. Based on the
results of cluster analysis, three ditfferent zones are distinguished in the lagoon. The inner zone is char-
acterized by low salinity, high nitrate (40 gM) and soluble reactive silica concentrations ( - 200 uM).
This zone is strongly atfected by groundwater discharges. The seaward zone is characterized by high
salinity and a low concentration of nutrients. The middle zone is characterized by intermediate values
of salinity and higher concentrations ot soluble reactive phosphorus (3 9 uM) and ammonium (10-15
uM) than those found in the rest of the lagoon. Principal Component Analysis was applied to data
collected during each season. The major components of variability in the data were associated with
groundwater inputs and internal processes such as the mineralizaton of organic material. The first principal
component of the variability was indicated by the salinity gradient, nitrates, and soluble reactive silicate
levels, and the second by soluble reactive phosphorus and ammonium. The hydrological dynamic of the
Celestun Lagoon was highly influenced by the intensity and frequency of prevailing climatic conditions

coupled with biogeochemica) processes.

ADDITIONAL INDEX WORDS: Multivariate analysis, salinity, nutrients, groundwater, tropieal la-

goon.

INTRODUCTION

Coastal lagoons are ecosystems with strong spa-
tial gradients concerning the chemical character-
istics of the water and of the biological popula-
tions present (PRITCHARD and ScHuUBEL, 1981,
GUELORGET and PErTHUISOT, 1983; KJERFVE,
1986). In temperate coastal lagoons, the changes
in spatial heterogeneity follow the seasonal cli-
matic patterns. External factors (such as rainfall,
evaporation, wind, daytime) are responsible for
these changes. In the North of the Gulf of Mexico,
significant variations have been observed in those
nutrients associated with the movement of water
masses from rivers, tidal transport and frontal
passages (CAFFREY and DAy, 1986). On the other
hand, deviations from the concentrations of nu-
trients predicted by the conservative mixing of
the fresh and sea water are interpreted as indi-
cators that the system is as either a source or a
sink (OFFICER, 1979; SMiTH, 1984). A simple one-
dimensional approach does not adequately rep-
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resent changes in the relative importance of the
processes affecting water column characteristics
(FOURQUEAN et al., 1993) in a spacial and tem-
poral context.

CoMIN et al. (1991) describes high variability
in the chemical and biological features of coastal
lagoons in Northern Spain as a result of short-
term changes in water discharges. The study of a
variable in a one-dimensional approach is useful
to understand those factors controlling the changes
found in this variable (MENENDEZ and CoMIN,
1989). However, a multi-dimensional approach,
considering the relationships between different
variables, is necessary to obtain a satisfactory un-
derstanding of the functioning of coastal lagoons
with high heterogeneity (LrcrENDRE and
TRroOUSSELLIER, 1988).

Multivariate analysis provides statistical meth-
ods to enable the study of the relationships be-
tween variables and to establish a hierarchy of the
importance of their variability. Because several
variables can be considered simultaneously, in-
terpretations can be made that are not possible
using univariate statistics. This approach has been
recommended because one can extract, interpret,
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or reveal structures that would otherwise be over-
looked or misinterpreted (BEALS, 1973; GREEN and
Vascoto, 1978).

In tropical zones, little is known about the fac-
tors which control the hydrologic heterogeneity
of coastal lagoons. Celestun Lagoon is located in
the South of the Gulf of Mexico. In contrast to
other tropical areas where two seasons are iden-
tifiable (dry and rainy), Celestun Lagoon expe-
riences three typical climatological seasons. These
are a dry season (March-May, 0-50 mm rainfall),
rainy season, (June-October > 500 mm) and
“nortes’ season from November to February,
characterized by strong winds (> 80 km/hr), little
rainfall (20-60 mm) and low air temperatures (<
22 °C) (SARH, 1989).

In this paper, multivariate analysis was applied
to data concerning the water characteristics of the
Celestun Lagoon in order to examine seasonal
changes of spatial heterogeneity of the water
masses. The relationships between external and
internal factors are also discussed.

METHODS
Study area

Celestun Lagoon is a long (21.2 km), narrow
(0.5-2.4 km) and shallow (0.5-3 m) coastal lagoon
located parallel to the coast line on the western
shore of the Yucatan Peninsula (20°45'N; 90°25'W)
(Figure 1). The contact with the sea is made via
a 410 m wide entrance at the southern edge. The
lagoon bottom is almost flat. A tidal channel (100
m wide, 15 km long) is the major bathymetric
characteristic. The soil in the region is karstic and
highly permeable and there are no rivers present.
Freshwater inputs to the lagoon occur mostly
through groundwater discharges (GD) via springs
located in the northern part of the lagoon. The
climate in the region is hot and semi-arid with
the annual mean temperature being 26.2 °C, but
varying between 24 °C in February to 35 °C in
August (Figure 2). The mean annual rainfall is
747 mm.

Sampling and Water Analysis

Monthly surveys were carried out for one year
at ten stations located along the lagoon (and one
present at groundwater discharge) (Figure 1). At
each station, temperature (analogical thermom-
eter) and pH (pH meter PHY-9401) were mea-
sured in situ. In order to measure salinity (in-
duction salinometer, Khalsico RS-9) and dissolved
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Figure 1. Location of the Celestun Lagoon, and sampling sites.
Groundwater discharge (GD).

oxygen (Winkler titration method), water sam-
ples were collected from the centre of the water
column (although no stratification in the water
column has been observed; CaAPURRO, 1985). Wa-
ter samples used for analysis of dissolved inor-
ganic nutrients were filtered through a 0.45 um
membrane filter. The water was preserved with
chloroform (2.5 ml per litre of water; Ho et al.,
1970) and stored at 4 °C. Analyses were performed
in the laboratory not more than 2 days after the
collection of the samples. Soluble reactive phos-
phorus (SRP) corrected for arsenate/silicate in-
terference was determined using the molybdate-
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Figure 2. Monthly variation of air and water temperature, and
rainfall during the study period.

blue method proposed by MurpHY and RirEYy
(1962) and as modified by STRICKLAND and
Parsons (1972). Ammonium (NH,*) was deter-
mined by the phenolhypochlorite method
(SoLoRrzaNO, 1969). Soluble Reactive Silica (SRSi)
was determined using the molybdenum blue
method with ascorbic acid acting as reductant;
nitrogen in the form of nitrite (NO, ) was deter-
mined by using sulphanilamida in an acid solution
method; and nitrate (NO, ) was measured as NO,
after reduction in a Cd-Cu column (PARSONS et
al.,1984). Rainfall data corresponding to Celestun
Port (Figure 1) were provided by SARH (1989).

Pattern Analysis

In this study, multivariate classification and or-
dination were employed as the main analytical
tools. These pattern analysis techniques are ca-
pable of extracting meaningful information from
a complex assortment of data (WILLIAMS, 1976).
Furthermore, they can be used to objectively eval-
uate differences in water column characteristics
along spatial and temporal gradients (GREEN and
VascorTo, 1978; PEARSON and ROSENBERG, 1978).

In classification analysis, objects (for the pur-
poses of this study the sampling sites) are placed
in groups, first by similarity measure and then a
grouping algorithm. The reduction in the data is
derived from the formation of groups (g < n) out
of n objects. The two most similar objects are
joined into a group, and the similarities of this
group compared to all other units are calculated.
Repeatedly, the two closest groups are combined
until only a single group remains. The results are
usually expressed in a dendrogram—a two-di-

Table 1. Mean values and +1 standard error (in parenthe-
ses), of dissolved oxygen (D.0.), salinity (S), nitrates (NO, ),
nitrites (NO, ), ammonium (NH,'), soluble reactive phos-
phate (SRP) and reactive silicate (SRSi), in the lagoon,
groundwater discharge (GD), and seawater (SW), during the
study period.

D.O. S NO, NO, NH,” SRP SRSi
mg/l %o M M uM M uM

Lagoon 483 254 7.67 044 541 198 541
(0.46) (0.91) (1.36) (0.08) (0.69) (0.72) (15.6)

GD 0.63 30 518 138 1.85 045 168
(0.03) (0.01) (11.7) (0.22) (0.36) (0.10) (27.1)

SwW 665 345 15 048 3.0 0.43 5.4
(0.19) (0.21) (0.85) (0.02) (0.48) (0.25) (1.2)

mensional hierarchical tree diagram representing
the complex multivariate relationships among the
objects (James and McCurr.ocH, 1990).

The ordination analysis reduces the dimensions
of a single data group by producing a small num-
ber of abstract variables which are linear com-
binations of the original variables. Often, most of
the variations can be summarized with only a few
components and the data matrix can be displayed
effectively on a two- or three-dimensional graph
that uses the components as axes (JAMES and
McCuLLocH, 1990). Ordination consists of plot-
ting n points (observations) in a space of fewer
than p dimensions (where p is the number of vari-
ables), in such a way that the most important
features of the p-dimensional pattern are retained
because only a small number of eigenvalues add
up to account for most of the total variance
(PieLou, 1969). This allows the visualization of
patterns of multidimensional distribution and
helps to determine the major components of vari-
ation in a data set. The method is an appropriate
technique when there are low levels of variation
and when the changes between samples are grad-
ual (Mackas and SerToN, 1984). Principal Com-
ponent Analysis (PCA) transforms the original
correlated variables into orthogonally rotated un-
correlated variables. All PCA’s were done on the
correlation matrix.

Starting with a data matrix in which all the
data of the annual cycle are included, the columns
represent the physical and chemical variables while
the rows identify the sample stations. In order to
elucidate the effects of changes in weather con-
ditions throughout the year, three analyses were
also performed using the data corresponding to
each season (dry season, rainy season and *‘nortes”
season). Since concentrations and levels of each
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hydrologic feature have different orders of mag-
nitude, all data were log-transformed as X' = (log(x
+ 1)) (Nov-Mgig, 1973).

RESULTS
General Characteristics

The annual range of water temperature was 9
°C with the highest values occurring in June (31.4
°C) and the lowest during February (22.4 °C). The
maximum difference between air and water tem-
peratures occurred during the rainy season (Fig-
ure 2) due to groundwater inputs which had lower
temperatures than those found in water lagoon
(Table 1).

In the Celestun Lagoon, horizontal gradient of
salinity was observed throughout year. In the in-
ner zone of the lagoon, salinity was always lower
than 20%c while in the seaward zone it was higher
than 30%o (Figure 3). The lowest salinity was ob-
served in August after the rainfall peak. At this
time, the mean salinity of the lagoon was 19.6%0
(Figure 3). During the “nortes” season, the mean
salinity was <25%o throughout the lagoon. The
highest salinity was observed at the end of the
dry season with mean concentrations of 30%o oc-
curring in May. The mean pH values follow an
inverse pattern when compared to mean salinity
with high values (8.3) in the inner zone during
the rainy season and low values (6.8) during the
dry season in the middle segment of the lagoon.

The annual dissolved oxygen concentrations
ranged from 2.5 mg/l in the inner zone to >8.5
mg/l in the seaward zone during the year. The
highest values occurred during the “nortes” sea-
son.

The highest NO, concentrations were observed
in the inner stations (> 40 uM). NO, values in-
creased at all stations at the start of the rainy
season. During “nortes” season, the highest con-
centration (10 uM) was observed in the middle of
the lagoon. Nitrate concentrations decreased from
the inner zone of the lagoon seawards, at all times
during the annual cycle.

Ammonium concentrations in the lagoon were
higher than those of the inflowing groundwater
and seawater (Table 1). The highest NH,' con-
centrations were observed in July (15 uM) and
February (11 uM) in the central part of the lagoon.

The spatial and temporal distributions of sol-
uble reactive phosphorus (SRP) differed from
those of NO, and NH,'. The SRP concentrations
were higher (> 9 pM) in the inner and middle

Salinity (%)

STATI1ION

Figure 3. Space-time diagram of salinity (%), during the study
period.

zones of the lagoon during the “nortes” season
(November-February) than during the rest of the
year. During the rainy season, the maximum SRP
(2 uM) was observed in the central part of the
lagoon at the beginning of the season. Thus, the
highest concentrations of SRP were not evidently
associated with groundwater discharges.

Soluble reactive silica (SRSi) concentrations
ranged from <1 to 280 uM during the year. They
followed the same spatial and temporal patterns
as NO, , decreasing from the inner to the seaward
zone of the lagoon and increasing between the dry
and rainy season. During “nortes” season, the SRSi
fluctuated alternately from <10 uM to >200 uM.

Classification Analysis

The cluster analyses showed three consistent
groups of stations throughout the year (Figure 4).
Stations 1, 2 and 3 formed a group in the inner-
most zone of the lagoon; another group was formed
by the stations 4, 5, 6 and 7 in the middle zone
of the lagoon; while the third group was formed
by stations 8, 9 and 10 located on the seaward
side. The three groups of stations were grouped
down to 60 of dissimilarity. The next grouping

Journal of Coastal Research, Vol. 10, No. 3, 1994
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Figure 4. Dendrogram of hierarchical clustering of the sam-

pling stations using annual data matrix.

was between the inner and middle stations at
83.3% dissimilarity level.

Cluster analysis was applied separately to the
data from each season to show not only changes
in dissimilarity percentages, but to demonstrate
the differences in the stations that formed each
group throughout the year. During the dry season,
stations 4 to 8 were grouped in the middle zone
(51.6% of dissimilarity) together with the sea zone
stations (9 and 10) at 78.7% of dissimilarity (Fig-
ure 5A). During the rainy season, the inner zone
included station 4 at 39 of dissimilarity and this
was grouped with the middle zone at 69.5% dis-
similarity (Figure 5B). During “nortes” season,
the structure changed and the seaward zone in-
corporated station 6 and 7 at 57.2% of dissimi-
larity (Figure 5C).

Ordenation Analysis

The Principal Component Analysis (PCA) ap-
plied to the annual data (Figure 6) showed that
the first two principal components explained 60 %
of the total variation (Table 3). The first com-
ponent (41%) was associated with high negative
loadings of salinity and dissolved oxygen, and pos-
itive coefficients for NO, and SRSi. This inverse
relationship was due to the low salinity (3-4 %),
the dissolved oxygen (< 1 mg/l), and the high
concentrations of NO, (40-80 uM) and SRSI (20-
200 uM; Table 1) in groundwater. Thus, the first
axis can be associated with the salinity gradient.
The second principal component (19%:) (Table 2)
showed a high positive coefficient for pH and neg-
ative loading for SRP (Figure 6). This axis dem-
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Figure5. Dendrograms hierarchical clustering of sampling sta-
tions using the data matrix of dry season (A), rainy season (B)
and “nortes” season (C).

onstrated the lack of correlation between SRP
and salinity gradient (Table 3) and could be as-
sociated with biologically mediated processes.

The PCA’s applied to data from each season
showed the changes in the variance explained by
each component (Table 3), and the relationship
between different variables (Figure 7). For the dry
season, the first two components explained 83¢
of the total variance. The first component (58
of total variance) was associated with high neg-
ative salinity, dissolved oxygen coefficients and
positive loadings of SRSi and pH, while the sec-
ond component (25°.) gave high loadings to tem-
perature and inorganic nitrogen (Figure 7A). This
difference indicated the major opposing influence
that the salinity gradient had on the relationships
between the variables analyzed.
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Figure 6. Projections of physico-chemical variables onto the
space defined by the first and second principal components (the
coordinates are the scores relative to each variable) correspond-
ing to PCA annual. (n = 360).

For the rainy season data, the first two com-
ponents explained 63 of the total variance. The
first component (389 ) was associated with salin-
ity, dissolved oxygen, NO, and SRSi and the sec-
ond component (25°.) was associated with SRP,
NH,* and pH (Figure 7B). For the “nortes’ season
data, the first two principal components accu-
mulated the same percentage (63°¢) of the total
variance as it occurred during the rainy season.
However, the first component was associated with
dissolved oxygen, temperature, SRSi and SRP,
and the second with nitrogen oxidized forms, dis-
solved oxygen and temperature (Figure 7C).

The differences in the variance associated with
the first and second component were clearly lower
for the data of the rainy and “nortes” seasons than
during the dry season (Table 2). These differences
also illustrate the relative importance of external
factors (rainfall, winds, temperature) and internal
processes (resuspension organic material, miner-
alization, primary production) during the differ-
ent seasons of the year.

DISCUSSION

Based on the results of the cluster analysis, three
zones can be identified in the lagoon, according
to variations in physical and chemical character-
istics present in a year. The inner part of the
lagoon (including stations 1, 2 and 3) was char-
acterized by low salinity and high NO, and SRSi.
Clearly, it was strongly affected by groundwater
discharges. As expected, the seaward zone of the
lagoon (including stations 8, 9 and 10) is char-

Table 2. Explained variance of the first three components
from PCA analysis, during the year and in each season.

Explained Variance (%)

Period Dry Rainy Nortes Year
Component I 58 38 38 41
Component 11 25 25 25 19
Component ITT 8 12 12 15

Total 91 75 75 61

acterized by high salinity and low nutrient con-
centrations. The zone in the middle of the lagoon
(including stations 4, 5, 6 and 7) was characterized
by intermediate values of salinity as expected;
however, concentrations of SRP and NH,* were
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Figure 7. Projections physico-chemical variables onto the space
defined by the first and second principal components (the co-
ordinates are the scores relative to each variable) corresponding
to PCA of (A) dry season (n = 90), (B) rainy season (n = 150)
and (C) “‘nortes” season (n = 120).
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Table 3. Annual correlation matrix of physical and chemical variables. The data are log-transformed (X' = log (x + 1)). Sig-

nificance level: P=0.01* P = 0.001**

T S 0XI NO, NO, NH,' SRP SRSi pH
T 1 0.01 0.26 0.30** Q.10 0.42** 0.41 0.45** 0.04
S 1 0.50** 0.29 0.05 0.09 0.08 0.49** 0.67**
OXI 1 0.43** 0.13 0.10 0.20 0.68** 0.34*
NO, 1 0.54** 0.26 0.01 0.41** 0.14
NO. 0.40** 0.06 0.28 0.12
NH," 1 0.11 0.36** 0.01
SRP 1 0.11 0.09
SRS 1 0.21
pH 1

higher than in the rest of the lagoon as a conse-
quence of non-conservative behaviour of these
compounds probably due to biological processes.

These zonations represent a typical pattern
found in coastal lagoons with one inlet for water
exchange with the sea and freshwater discharges
occurring at the landward end (KJerrvE, 1986;
GUELORGET and PErRTHUISOT, 1992). The salinity
gradient is relatively stable from the freshwater
input zone to the seaward zone. The differences
between the grouping of stations of different sea-
sons reflect the changes of this spatial pattern
during the year, due to changes in the relative
magnitude of the freshwater inflows versus those
of the seawater and biogeochemical processes.

Thus, during the dry season the middle zone
includes five stations (4 to 8) with low dissimi-
larity values suggesting little movement of water
as shown by the strong salinity gradient (Figure
3) and the extension of the water characteristics
in the central part of the lagoon to a larger area
than during the “nortes” and rainy seasons.

The high salinities and NH,' concentrations
were favoured by increased air temperatures (a
seasonal correlation), very low freshwater inflows
and the seawater influence (Figure 3), as shown
by the group formed between the middle and sea-
ward stations (Figure 5A). During the rainy sea-
son, station 4 is grouped with stations 1, 2 and 3
(Figure 5B). This is due to the freshwater inputs
during this season which extend their influence
further down the lagoon. During the “‘nortes” sea-
son, the seaward group incorporated stations 4
and 5 with a group formed by stations 6 to 10
during the dry and rainy seasons. This clustering
represented a greater inflow of seawater into the
lagoon and an increase in the mineralization pro-
cesses, as shown by the salinity gradient (Figure
3) and the high inorganic nitrogen concentrations
(50 uM)

The distinct station assemblages between sea-
sons indicates a strong relationship between ex-
ternal factors (temperature, freshwater versus
saltwater inflows and atmospheric fronts and
storms) and internal biogeochemical processes
(primary production, mineralization). These in-
teractions favored the spatial heterogeneity with-
in the lagoon during the rainy season and, there-
fore, the primary production as shown by the high
oxygen concentrations and the non-conservative
behaviour of the nutrients. However, during the
dry and “nortes” seasons, the interactions favour
mineralization processes as shown by the O, (2
mg/l), NH,' (20 uM) and SRP (9 uM) levels.

The seasonal changes in external and internal
factors that can affect the relationships between
physical and chemical variables were observed in
the differences between the results of the PCA
performed separately with data from each season
(Figure 7). The major components of variability
in the data were associated with groundwater in-
puts and internal processes in the lagoon. The
first component was indicated by the salinity gra-
dient NO, and SRSi levels, and the second by
SRP and NH,' concentrations. These patterns
indicated a dynamic and heterogeneous pattern
of nutrients in the different zones of the lagoon
during different times of the year. As the climate
changed significantly throughout the year, one
would expect greater annual fluctuations in the
lagoon when the data of the year were analysed
together rather than separately according to sea-
son. However, the results show that the processes
contributing to the variability of the data for each
season and each group of stations are buffered in
the PCA analysis of the data taken throughout
the year. This means that the differences between
data of different seasons (Figure 5 and 7) hide
when the annual database was analysed. This pat-
tern can be extracted through the analysis of all
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variables working on the same way as multivariate
approach does.

The results obtained from the differences be-
tween the 3 seasons and 3 groups should reveal
spatial and seasonal patterns. The differences be-
tween seasons and groups were due to the cou-
pling of the intensity and frequency of external
factors such as rainfall, winds, frontal systems,
and biogeochemical processes such as primary
production, mineralization, conservative and non-
conservative behaviour of the nutrients, fertiliza-
tion and bioturbation. If these patterns are to be
repeated year-after-year a microsuccession pro-
cess should be inferred.

During the dry season, the strong salinity gra-
dient, seawater inflow and high water tempera-
tures explained the high loadings of salinity and
SRSi. However, the association with inorganic ni-
trogen suggests remineralization and denitrifica-
tion processes (Frint and Kamykowski, 1984;
BownENn, 1986; KEmMp et al., 1990). During the
rainy season, the low salt and high NO, and SRSi
concentrations of the groundwater have a strong
influence on the lagoon contributing to the mean-
ing of the first principal component of the PCA.
However, the SRP and NH,* changes were not
associated with freshwater inputs, so, other pro-
cesses such as primary production, plant and an-
imal recycling were thought to be responsible for
their concentrations (TEAGUE, 1983; Warp and
TwiLLEY, 1986; FOURQUREAN et al., 1993). An in-
teresting feature is the change in loading sign from
the dry to rainy season. During “nortes” season,
the high loadings of dissolved oxygen, tempera-
ture, SRP and SRSi (Figure 7C) could be ex-
plained by the influence of the strong cold winds
that mix the water column and resuspend organic
material from the sediments supporting reminer-
alization processes. This phenomenon was ob-
served by CAFFrREY and DAy (1986) in Louisiana.

SRP and SRSi concentrations show important
changes during the “nortes” season due to resus-
pension of sediments, inflow and outflow of sea-
water in short time periods, and biological activ-
ity, e.g., bird colonies. In temperate and subtropical
coastal zones, nutrient regimes with large assem-
blages of birds differ significantly from those lack-
ing such colonies (PowkL et al., 1991; BiLpsTEIN
et al., 1992). In Celestun, this most probably oc-
curs during the “nortes” season (November—Feb-
ruary) when the concentrations of SRP reach the
maximum (> 9 ¢M) and bird populations reach
densities of 5,000 individuals/km® in the inner zone

(Barrios-EspiNo, 1988). The changes of SRSi
concentrations were due to GD inputs and high
amounts of silica removed from the water along
the lagoon, particularly in the middle and seaward
stations, probably as a consequence of high par-
ticulate matter in these zones, which suggests
abiological removal by adsortion onto suspended
sediments (Liss and SPENCER, 1970; BIENG et al.,
1985).

Multivariate statistics approach applied to hy-
drological variables of Celestun Lagoon show that
seasonal changes of the spatial patterns of phys-
ical and chemical variables are controlled by cli-
matic changes and internal biogeochemical pro-
cesses. This is in contrast to other coastal aquatic
ecosystems with groundwater inputs where ex-
ternal factors are the major causes of variability
(D’ELIA et al., 1981; JoHANNES and HEARN, 1985).
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