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Abstract: Structure and composition of coastal forested wetlands are mainly controlled by
local topography and soil salinity. Hydrology plays a major role in relation with tides,
seaward, and freshwater inputs, landward. We report here the results of a two-year study
undertaken in a coastal plain of the Guadeloupe archipelago (FWI). As elsewhere in the
Caribbean islands, the study area is characterized by a micro-tidal regime and a highly
seasonal climate. This work aimed at understanding groundwater dynamics and origin
(seawater/freshwater) both at ecosystems and stand levels. These hydrological processes
were assessed through '30/'°0 and H/'H isotopic analyses, and from monthly monitoring
of water level and soil salinity at five study sites located in mangrove (3) and swamp
forest (2). Our results highlight the importance of freshwater budget imbalance during low
rainfall periods. Sustained and/or delayed dry seasons cause soil salinity to rise at the
mangrove/swamp forest ecotone. As current models on climate change project decreasing
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rainfall amounts over the inner Caribbean region, one may expect for this area an inland

progression of the mangrove forest to the expense of the nearby swamp forest.

Keywords: hydrology; salinity; mangrove; '30/?H stable isotope; swamp forest; water level

1. Introduction

In natural contexts, coastal tropical lowland areas are covered by mangroves, swamp forests,
and/or herbaceous marshes [1,2]. Such wetlands generally display a typical zonation which has been
described for long in the literature as distinct vegetation belts following one another from the shores
landwards [3—6]. Among the environmental gradients that shape these zonation patterns, soil salinity,
and topography (i.e., waterlogging) appear as the main factors controlling plant community composition
and structure, as well as wetland subsystems’ function [7-9]. However, mechanisms involved in the
variations of soil salinity through space and time are not easy to understand [10]. In coastal wetlands,
freshwater input during the rainy season is not the sole factor explaining seasonal variations of
groundwater salinity. Seawater can infiltrate coastal aquifers underneath the less dense freshwater lens
and move landwards. Moreover, soil texture can modify seawater circulation through the sediments due
to differences in porosity [10,11]. In addition, seasonal changes in the water table depend not only on
freshwater inputs and tidal rhythm, but also on the loss of freshwater through evapotranspiration
processes which increase landwards. Thus, the vegetation of coastal tropical wetlands, which mostly
consists of tidal forests, interacts with hydrologic processes [12,13].

In the Antilles, tidal range is low (less than 0.5 m) and the climate exhibits two main contrasted
seasons. In the Caribbean, there is only one rainy season: the Inter Tropical Convergent Zone (ITCZ)
reach the whole region from July to November and move back in December (see Figure 1). The high
evapotranspiration rate (125 to 150 mm per month) induces a water deficit between January and June.
During this dry season, the conjunction of low rainfall amounts and high atmospheric pressure cause the
water table to drop several weeks below ground level in coastal wetlands [14]. In these islands, watershed
size and freshwater discharge are often limited. For this reason and because of high evaporation, mean
groundwater salinity in coastal areas is generally higher than that of seawater [15]. However,
groundwater salinity may temporarily fall after heavy rainfall events or remain under that seawater
nearby permanent streams of freshwater [14,16].

The aim of this study is to understand the hydrological dynamics that occur in coastal wetlands of the
Antilles, and, more precisely, to propose a conceptual model for the hydrological functioning of both
mangrove and swamp forest ecosystems. For this purpose, we monitored water level and salinity over
two years in contrasted sites of both coastal forests. In order to search for water origin (sea vs. freshwater)
we conducted isotopic measurements (30 and 2H) on groundwater samples.
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Figure 1. Average monthly rainfall amounts (in blue) at Raizet meteorological station since
1951 and average evapotranspiration (in red). Error bars figure standard deviation.

2. Materials and Methods
2.1. Study Sites

The study area is located along the Bay of the Grand Cul-de-sac Marin, Guadeloupe, Lesser Antilles
(Figure 2a). Floristic and physiognomic changes occur in relation to a landward/seaward gradual
variation in soil waterlogging and salinity (Figure 2b). The limestone bedrock is overlaid by clayey
sediments which are overtopped by peat seaward. A total of five sampling sites were selected along two
transects and have been studied for two years, from January 2011 to December 2012. On the sea front,
the mangrove forest consists of a narrow, monospecific belt of Rhizophora mangle trees. A few meters
landward, the vegetation turns into a shrubby (less than 7 m high), mixed formation with R. mangle,
Laguncularia racemosa and Avicennia germinans occurring together (study site IMF) on a peat soil
with low bulk density (22.4 kg-m>). In the inner part of the study area, the canopy is much denser, with
trees heights up to 15 m and above. The study site 2MF is located in this part of the forest, in a mixed
stand supporting the three above-mentioned species on a clayey soil of higher bulk density
(106.7 kg-m™3). The third study site (3MF) is located at the landward edge of the mangrove forest. Here
the substrate is constituted by hyper-saline, very dense clayey sediments (166.1 kg-m™>). It consists of a
low (4—-6 m) monospecific 4. germinans stand. The two last sites are located in the nearby swamp forest
dominated by Pterocarpus officinalis. Site 4SF is closed to the mangrove edge, whereas site 5SF is
located landward where groundwater salinity is very low (ca. 7 g-L'!). The soil is clayey with
intermediate bulk density (89.3 and 71.1 kg-m > for 4SF and 5SF respectively).
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Figure 2. (a) Location of the Guadeloupe Archipelago in the Caribbean Sea, on the lesser
Antilles arc; study area on the eastern cost of the Grand Cul-de-Sac Bay, and location of the
sampling sites in the mangrove forest (IMF to 3MF, respectively R. mangle, L. racemosa and
A. germinans) and the swamp forest (4SF to 5SF, P. officinalis); (b) Vegetation belts, soil
types, soil salinity (red curve, the scale is in g-L™") and location of the sampling sites.

2.2. Water Level and Soil Salinity

A water-table monitoring well was set up at the center of each study site. The depth from water
level to ground surface was measured manually, monthly over two years, from January 2011 to
February 2013, and water-level variation over time was compared between the five sampling sites.
During the same period and with the same periodicity, we measured soil salinity near the surface
(0—10 cm depth), where salt content exhibits the largest seasonal fluctuations. Measurements were
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performed at the laboratory because the water table often fell below ground surface, and there was
therefore not enough water to make direct measurements using either conductometric or refractometric
methods, especially on clayey soils. Salinity of three pooled samples per site (a total of 15 samples) was
measured on saturated soil-paste with a conductimeter (Multi 3501 and ConOx probe, WTW, Germany)
using the normalized protocol (NF ISO 11265; AFNOR 1995). The deviation from the mean value was
used to highlight salinity fluctuations. Rainfall amounts per hour were obtained from the meteorological
center (Raizet, Météo-France) located less than 5 km away from the study sites. Daily maximum
sea levels were obtained from the tide gauge-meter located in the harbor of Pointe-a-Pitre,
8 km south from the study sites (SHOM, Service Hydrographique et Océanographique de la Marine).
The rainfall amount was cumulated each month and the daily maximum sea level was averaged each
month before surveying water level and soil salinity.

2.3. Isotopic Analysis

In March, May and October 2012, water samples were taken from the sea, from surrounding
freshwater springs and from each of the five wells, at the top of the water table. The water samples were
collected in 10 mL glass vials with secure caps ready to be sent to the isotopic laboratory. The '*O and
’H stable isotope composition of water was measured and reported with reference to the Vienna Standard
Mean Ocean Water (V-SMOW) and the Vienna Standard Light Antarctica Precipitation (V-SLAP), in
parts per thousand. The definition for oxygen is: §'0 v-smow (%o) = ((**0/!°O sample)/('*0/'°O standard)
— 1) x 1000; and for deuterium: 5°H v-smow (%o) = ((*H/'H sample)/(*H/'H standard) — 1) x 1000.

In a preliminary study, the two water pools characteristic have been determined, i.e., the two
end-members of the isotopic measurements. The fresh water pool was measured on nearby springs:
8180 = —2.74 +/-0.16 (n = 3), which corresponds to slightly depleted coastal rainfall. The salty pool was
obtained from seawater taken in the Grand Cul-de-sac Marin: §'*0 = +0.33 +/—0.06 (n = 3), closed to
GMWL (Global Meteoric Water Line).

The isotopic analyses were carried out in the Shiva Isotopic Platform in ECOLAB (Toulouse, France)
using a continuous flow IRMS (Elementar Isoprime 100 coupled with a Geo-Multiflow for the
water—gas equilibration). In the laboratory, 0.3 mL aliquots of the water were taken in capped 3.7 mL
Exetainer vials (Labco Ltd., High Wycombe, UK). In order to measure the §'0 values, the samples and
the internal standards were flushed offline with a gas mixture of 5% CO:z in Helium. The vials were then
left to equilibrate at 40 °C for about 8 h. The analytical precision of the measurements was +0.2%o. To
measure the §*H values of the samples, Hokko beads were added to the vials containing the water
samples and the internal standards before the vials were flushed offline with a gas mixture of 5% H: in
Helium. The vials were left to equilibrate at 40 °C for about 8 h. The analytical precision of the
measurements was +2.0%o. The deuterium excess was calculated using the Global Meteorological Water
Line (GMWL) as defined by Craig [17] and completed by Dansgaard [18], i.e.: d-excess = 8°H — 8 x §'%0.

2.4. Statistical Tests

We modelled site by site the link between edaphic parameters (water level on site and top soil salinity)
and climate through two forcing variables (seawater level and rainfall amounts) with a linear regression
framework according to Wagner et al. 2012 [19]. A covariance analysis (ANCOVA) was used to discuss
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the effects of forcing variables (seawater level and rainfall amounts as co-variates) on edaphic
parameters (water-table level and top-soil salinity), as monthly rainfall amounts and sea level appeared
to be related. Our analysis was based on the following models.

For the station i and the monitoring period ;:

Water-table level i; = seawater level ; + rainfall amounts ; + seawater level x rainfall amounts ;
+ residuals i,

Top-soil salinity ;; = seawater level ; + rainfall amounts ; + seawater level x rainfall amounts ;
+ residuals i/

ANCOVA result’s validity was checked with (i) a graphical analysis of the residuals (standardized
residuals vs. theoretical quantiles and residuals vs. predicted values); (i1) Cook’s distance calculation on
each residual to check if it was inferior to 1 and (iii) a Shapiro-Wilk test on the residuals to check
normality (see “Appendix A” for detail).

3. Results
3.1. Study Sites Characteristics

Relative soil elevation, mean water-table level (as seen from the monitoring wells) and soil salinity
for the five sampling sites (1MF, 2MF, 3MF, 4SF and 5SF) are reported in Table 1. Because it is very
difficult to accurately determine the mean sea level in a specific place, mean ground level at site 1MF
will serve as the zero topographic level in our experimental design. The other sites, located more inland,
have similar or higher relative altitude, excepted 2MF which is located in a small topographic depression.
Water levels are negatively correlated to relative elevation. However, comparison between mangrove
and swamp forest sites shows that for a same relative elevation (IMF vs. 4SF and 3MF vs. 5SF), swamp
forest sites are more prone to flooding than mangrove forest. The swamp forest sites show low salt
amounts in the soil (7 to 21 g-L "), whereas soil salinity in the mangrove forest ranges from that of sea
water (33 g-L ) to twice as much (72 g-L!) in the Avicennia area.

Table 1. Relative soil elevation (IMF taken as zero level), annual means of the water level
and soil salinity over the two-year sampling period.

. Distance from Relative Water Level (cm)  Mean Soil Salinity (g-L™)
Ecosystem Stations . . .
the Sea (m) Elevation (¢cm) Mean (min ; max)) Mean (min ; max)
IMF 50 0.0 —6.2(—34;4) 32.2(21;53)
Mangrove 2MF 750 —6.8 3.0(39;13) 49.9 (33 ; 65)
3MF 1000 1.6 —11.3(—47; 11) 72.0 (35;113)
Swamp 4SF 1050 -0.9 03(33;11 20.8 (12 ; 40)
forest 5SF 1350 2.1 —4.9 (26 ; 4) 6.6 (2.8;12)

3.2. Hydrological Parameters

Figure 3a shows variations of water level and soil salinity over the two-years monitoring period. The
results of the ANCOVA are illustrated in Figure 3b. It gives the percentage of variance for water level
and soil surface salinity explained by rainfall and/or sea level at each mangrove and swamp forest site.



Water 2015, 7 4114

For water levels and topsoil salinity at each site, residual analysis showed that residuals were normally
(Shapiro-Wilk’s tests, p > 0.05) and independently distributed. The analysis of residual vs. fitted values
showed homoscedasticity and a distribution of residuals around a zero mean. Concerning water levels,
Cook’s distances were always lower than 1; however, concerning topsoil, two residuals were higher.
These two residuals were associated with a very strong rain event in September 2011. However, as they
were associated to top soil salinity values equal to the annual average we choose to keep them in the
analysis. Our residual analysis showed that the data set was suitable for ANCOVA analysis.

Concerning water level, the model shows high residual values for some measurement sessions in all
study sites. They all occurred during dry seasons (from February to May) for the lowest water level
values. We also found that water table variance was a little bit higher for low water table values.

Concerning topsoil salinity, the model also showed higher variance values in the swamp forest sites
during the dry season. In mangrove sites the variance stayed constant over the predicted values.

Therefore, on one hand, our model seems to give a quite good general picture of the interaction
between water level and the two selected environmental variables (more than 40% of explained
variance). On the other hand, our model seems not adequate for predicting correctly the intensity of dry
events on the water level. We also noted that, in swamp forest, our model underestimate the water level
and overestimate the topsoil salinity during the dry season. This could be due to the karst system and to
the numerous springs that seems to provide fresh water in the forest, even during strong dry events.
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Figure 3. (a) Water level (solid line, variation in cm), sea level (blue area, relative variation),
soil salinity (dashed red line, relative variation), and monthly rainfall (black bars) in the five
study sites from January 2011 to February 2013. The sea level and soil salinity are expressed
as the deviation (%) from the mean value calculated over the two-year period; (b) Percentage
of the variance for water level and topsoil salinity explained by rainfall and/or sea level in
each mangrove or swamp forest site; ANCOVA analysis.

Water level is influenced both by rainfall and by sea level. Water-table level is high/low when both
rainfall and sea level are high/low. In stands near to the seashore, like at site IMF, water level is mainly
controlled by the sea level (40% of the variance). On the contrary, in more inland stands like (e.g., 4SF
and 5SF), water level depends mainly on rainfall amounts. For all sites, soil salinity is less explained by
rainfall amounts and sea level than water level. Except for site SSF, salinity tends to increase when
rainfall amounts and sea level decrease. In the swamp forest, soil salinity variations result mainly from
the amount of rainfall; conversely, in the mangrove forest, rainfall alone is a very weak descriptor of

salinity variations.
3.3. Groundwater Dynamics

The monitoring of water level and soil salinity was completed by isotopic measurements. Figure 4a
reports seasonal fluctuations of groundwater §'30 values, and Figure 4b reports that of soil salinity, from
March to late October 2012. In the mangrove forest, groundwater at site IMF only contained seawater
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(8'%0 closed to +0.2%0) and soil salinity remained closed to that of seawater (35 g-L™!). The two
mangrove sites located more inland (2MF and 3MF) showed isotopic values that indicate a mixture
between fresh and seawater (about 50/50), with §'%0 ranging from —1.6%o to —1.0%o; however, soil
salinity remained high, especially at site 3MF, due to salt accumulation resulting from evaporation. In
early October, at the beginning of the wet season, §'*0 values from the 2MF site dropped from —0.5%o
to —1.5%o. Such values indicate inputs of freshwater, although soil salinity remains quite constant.
Conversely, the 3MF site reacted in late October with a drop of §'0 values from 0%o to —1.3%o. The
clay substrate of the 3MF site enabled slower water mixing than in the peat substrate of the 2MF site.
The calculated deuterium excess [18] (between +10%o to +20%o) revealed that during the dry season
(March to May) globally no evaporation occurred in all mangrove sites. The only exception is the site
IMF which displays lower values, and negative values in mid-May and even early October. This means
that outside the small mangrove band near the shore at IMF, no ground-water evaporation occurred
there, due to enough water availability.

Concerning the swamp forest, during the dry season (from March to May), salinity increased slowly
and the isotopic values shifted in the direction of the seawater pool (8'%0 around 0%o). When the
wet season began (October), salinity decreased, and the swamp forest recovered isotopic values
corresponding to fresh water (8'80 = —2.5%o). High deuterium excess is observed in March
(+ 14 to +20) suggesting strong water-vapor recycling process under the canopy of the swamp forest. In
May, the d-excess values dropped to +3 to +11, and increased again in October with values ranging from
+13 to +18, with always lower value for 4SF station.
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Figure 4. (a) Seasonal fluctuation of groundwater 5'0 values in year 2012, with reference
to seawater and freshwater (ellipses); (b) Seasonal fluctuation of soil salinity, showing the
influence of seawater during the dry season (March to May), and of freshwater during the
wet season (September—October). In super-imposition on the X axis the rainfall amount with the
first storm on 7th May (231 mm) and the Raphael storm on 13—19 October (626 mm).

3.4. Soil Salinity and Water-Table Dynamics in the Mangrove and Swamp Forests

In order to better understand the seasonal dynamics of soil salinity and water fluxes, we have
set up a conceptual framework highlighting mangrove (Figure 5a) and swamp forest (Figure 5b)
distinctive features.

Stage A: during the rainy season (November 2011, Figure 5a), high mean sea level and heavy
rainfall homogenize soil salinity in all mangrove sites with values close to that of seawater
(35 g-L!). High water levels cause seawater to merge landward with freshwater inflow coming
from the watershed through the swamp forest. As a result, soil salinity at site 4SF (located nearby
the mangrove/swamp forest ecotone) is moderately brackish, whereas it is almost fresh farther
inside the swamp forest (site SSF).

Stage B: during the dry season (March 2012), sea level and water level drop together during
several months due to high atmospheric pressure and gravity forces, respectively. Concomitant
evapotranspiration processes cause water level to fall even below sea level all over the mangrove
forest and groundwater salinity to rise, up to the seaward edge of the swamp forest. At that time,
despite lower rainfall amounts, the upland, fresh groundwater discharge is still sufficient to
prevent saltwater intrusion inside the swamp forest (site SSF).

Stage C: as the dry season is interrupted by a heavy rainfall episode (April and May 2012), the
water level is rising again and salt deposits are re-dissolved. But the sea level still remains low.
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e Stage D: by the end of the dry season (June 2012), rainfall lowers again and evapotranspiration
increases, causing soil salinity to rise everywhere. As atmospheric pressure lowers, sea level
rises, and saltwater penetrates into the mangrove. This inflow of seawater takes the place of the
(fresh) water losses by evapotranspiration, and increases salt concentration in the water table.
Beyond the tidal area, the water table drops dramatically due to freshwater shortage, allowing
in-depth, brackish groundwater intrusion inside the swamp forest.

e Stage E: at the beginning of the next rainy season (August 2012), heavy rains wash out
topsoil salt from higher elevation sites (1MF, 3MF) onto lower ones (2MF, sea fringe). Thus, soil
salinity remains high at site 2MF, whereas water level rises everywhere, especially inside the
swamp forest.

e Stage F: in the middle of a rainy season (November 2011, October 2012), large amounts of
freshwater flow through coastal wetlands and dilute mangrove groundwater.
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Figure 5. Seasonal relationships between seawater level, rainfall, water level and salinity at
the study sites. Red dots figure salt in the topsoil. Solid-line arrows figure freshwater fluxes:
R for rainfall, ET for evapotranspiration, R for runoff. Doted arrows figure saltwater fluxes.
(a) Mangrove forest sites (1MF, 2MF and 3MF); (b) Swamp forest sites (4SF and 5SF). In
order to simplify the schema (b), mangrove sites are figured by a box named “Mangrove”
with the salinity of 2MF.

4. Discussion

In the Caribbean islands as anywhere else around the world, the zonal organization and floristic
composition of coastal forested wetlands are mainly controlled by topography and salinity [9,20].
Despite the small range of variation of soil mean elevation across the study area (about 9 cm on average),
soil conditions showed contrasted characteristics related to the different forest types. Seasonal salinity
fluctuation resulted both from the balance between seawater and freshwater inputs and from the process
of evapotranspiration (Figure 6). The microtidal regime prevailing all-over the Caribbean basin is
associated to wide seasonal changes of the atmospheric pressure that cause an annual variation of mean
sea level averaging 20 cm [21]. Such characteristics explain why mangrove sites may remain unflooded
several weeks long, during the dry season (Figure 6¢). As a result, soil salinity of these mangrove sites
is less controlled by seawater motion or rainfall than by evaporation processes that cause large freshwater
losses and salt concentration especially during the low sea-level and dry season. Therefore, our model
combining rainfall amounts and sea level failed to predict accurately topsoil salinity. Other variables
such as real evapotranspiration or site history should have been taken into account. Increasing freshwater
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budget imbalance (i.e., low rainfall/evapotranspiration ratio) may cause tree death and mangrove decline
from dwarf forest stands to hypersaline lagoons and salt flats [22-24]. Surprisingly, the isotopic
measurements undertaken at the mid and end of the dry season, and latter before the heavy rainfall of
the wet season, revealed low evaporation process which took place mostly in the 1MF site, and to a
lesser extend to 3MF site. The freshwater pool storage in the swamp forest and/or the evapotranspirated
vapor from the forest system could buffer the salty-dryness pressure to the nearby mangrove forest.
Conversely, during the rainy season (and especially during strong tropical depression events), low
atmospheric pressure causes mean sea level to rise while seawater flows far inland and lowers soil
salinity (Figure 6d). This hydrological functioning differs strongly from that of other tropical coastal
wetlands like mangroves in French Guyana, where the high tidal range (1.5 to 3.5 m) is the major
hydrodynamic process [25,26].

Swamp forest

1 1
Opensea 1 Mangrove forest :
1
):( - —

—

1 Rainseason

End of sustained dry season
1-------------------------

Figure 6. Idealized seasonal variations of the water table (dotted lines and dotted arrows)
along a mangrove/swamp forest transect in the coastal plain of a Caribbean island. Solid
arrows figure lateral mass flow: inland intrusion of seawater (pink) and freshwater recharge
(blue). Stages ¢ and d occur only during severe and/or delayed dry seasons.

As halophyte plants, mangrove trees have adapted to saltwater by means of various physiological
mechanisms [27]. Medina et al. [28] and Dulormne ef al. [29] have shown that P. officinalis itself is able
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to exclude salt not only at the root level but also at leaf level, in the woody rachis. Such mechanisms are
especially vital for these species during the dry season as salinity increases dramatically. Leaf renewal
and cambial growth restarting occur at the onset of the rainy season and later, in West Indian forested
wetlands [21,30-32]. Due to their superficial root system, these coastal wetland tree species are able to
benefit from seasonal freshwater inputs [33,34] and from the subsequent lower salinity in the upper part
of the soil [26,35].

In pre-Columbian times, coastal plains of most Caribbean islands hosted large P. officinalis
swamp forests next to mangrove areas [31,36]. Although P. officinalis can be dominant in real freshwater
upland swamps [37], most of the remaining forested areas are found on brackish coastal areas. This
species is known to cope with seasonal topsoil salinity as high as 25 g-L ™! [38,39]. The annual mean
salinity of 21 g-L ! measured at our study site 4SF (at the mangrove/swamp forest ecotone) encompasses
seasonal variations ranging from 10 to 40 gL' which suggests periodic intrusion of seawater.
Imbert & Migeot [32] described such an event that occurred in 2007, at the end of a severe dry season:
a sudden drop of the atmospheric pressure caused seawater to flow far inside the tidal zone, until the
swamp forest where the water table was still 45 cm below ground level [40]. Such a time-lag between
seasonal mean sea-level rise and freshwater recharge of the water table seems associated to sustained or
delayed dry seasons, when the annual variations of rainfall and atmospheric pressure are out of phase.
The resulting tip-up movement of the water table between the beginning and the end of such dry seasons
is centered on the mangrove/swamp forest ecotone (Figure 6b,d). This phenomenon may occur more
frequently in the near future as the climate of the Caribbean islands is expected to become dryer
according to the projections of current climate change models [41]. This may result in an increase of soil
salinity at the mangrove/swamp forest ecotone and cause landward migration of the mangrove forest at
the expense of the swamp forest.

5. Conclusions

The micro-tidal regime prevailing in the Caribbean basin associated to the seasonal variation of
rainfall and atmospheric pressure explain why mangrove forests remain unflooded several weeks long,
during the dry season. Intense evapotranspiration induces a groundwater level lower than the sea level
and the high salts accumulation in this season. Conversely, at the beginning of the rainy season low
atmospheric pressure causes mean sea level to rise while seawater flows far inland, and reduces the
desalination effect of rainfall. These particular hydrological conditions enhance the development of
different species assemblages from the sea shore toward upland areas. The present study highlights the
main hydrological processes that occur in such coastal forested wetlands and explains how the marine
and upland water pools interact. Combining rainfall amounts and sea level gives way to a comprehensive
model of water level variation among the mangrove-swamp forest continuum, whereas topsoil salinity
was more difficult to predict.

The isotopic measurements obtained during the sampling period, show that there was almost no
evaporation processes except in the first vegetation belt (1MF). These Rhizophora trees are located on
peat, with high hydraulic conductivity which can enhance the evaporation process. On the contrary, the
Avicennia trees located on a clay soil, with a similar tree cover (40% light transmitted to the soil) present
much lower soil water evaporation. From additional measurements on xylem sap (data not shown), it
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seems that these trees are able to switch to different water pools to avoid extreme salty conditions and
can also use desalinized surface freshwater during heavy rain.

The Pterocarpus swamp forest ecosystem acts as an important fresh water pool that contributes to
buffer water level and to reduce the impact of the dry season on the nearby mangrove forest.
However, the fate of this endangered Caribbean ecosystem is uncertain as the forecasted climate change
for the region, i.e., more intense storms, increasing elevation of the sea level and lower annual rainfall
amounts, will accentuate salinity pressure onto freshwater coastal wetlands.
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Appendix A
ANCOVA—Residuals’ analysis

Below are figured for each linear model and for each station

e A table with p-value of normality test of the residuals for each model
e 2 plots for a graphic analysis of the residuals:

o Standardized residuals vs. Theorical quantiles
o Residuas vs. Predicted values

We also check if Cook’s distance was lower than 1.
Normality test for the two models

Table Al. p-values of Shapiro-Wilk’s test.

Stations Water Level Top Soil Salinity

SSF 0.11 0.13
4SF 0.06 0.15
2MF 0.09 0.95
IMF 0.34 0.12
3MF 0.09 0.96

Notes: Water level = rainfall + sealevel; Top soil salinity= rainfall + sealevel.
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We check for linearity of the residuals vs. the fitted values and for standardized residuals vs. theorical
quantiles. Cook’s distance was always lower than 1.

The model shows high residual values for some measurement sessions (dots 12; 15 for MFI,
dots 25; 33; 36 for MF2, dots 47; 54; 57 for MF3, dots 87; 105 for SF4 and dots 84; 74 for SF5). They
all occurred in dry seasons (from February to May) for low water level values. We also noticed that
water table variance was higher for low water table values.

In one hand, our model seems to be able to give a quite good general picture of the interaction between
water level and the two selected environmental variables (more than 60% of explained variance), in the
other hand our model seems not able to predict correctly the intensity of dry events on the water level in
this station.

Normal Q-Q Residuals vs Fitted
Lo ] (=]
&
150 [s3L-]
o
w
T (=]
3 -—
=
B o o ; 2 %
o o [ o
I o Q@ 3 Q
8 AnO g o Q& Ooo'.("}
g ° go00%” 2 & © .
E oo®
o = o &
§ - 2 =) T
7] Pe) v
o4
o 12
012
T T T i T T T T T T T 1
2 1 0 1 2 25 20 -5 -0 50 5 10
Theoretical Quantiles : Fitted values e
Im(hnap ~ rainfall + sealevel + rainfall * sealevel) Im{hnap — rainfall + sealevel + rainfall * sealevel)
Figure Al1. MF1.
Normal Q-Q Residuals vs Fitted
250 025
o™ (=]
- 38O (] 360
o
3
I ° w 2 @
2 ® =
b=l o =} i
@ = o o o
o o o o ’
g = 50009 o 2 o ) . o o0
E o0 o o o
= [+] .
c oo
o o 2
n o _ )
. [+]
o o Cag
o042 © T
T T T T ! L ! !
2 1 0 1 2 -30 -20 -10 0 10
Fitted values

Theoretical Quantiles

Im(hnap ~ rainfall + sealevel + rainfall * sealevel)

Figure A2. MF2.

Im(hnap ~ rainfall + sealevel + rainfall * sealevel)



Water 2015, 7

Standardized residuals

-1

Standardized residuals

Standardized residuals

-1

-2

4124

MNormal Q-Q Residuals vs Fitted
460 Odb
s7o & Sto
o . o
E o
[
] o O g o o
00000®° 2 o~ _° — — s = ALY
go0® o o &
0. ?
690 9 B
o
o o 9 O54
: o o
?ba T T T T I : I I
2 1 0 1 2 -30 -20 -10 0 10
: - Fitted values
_Theoretical Quantiles < Im(hnap ~ rainfall + sealevel + rainfall * sealevel)
Im{hnap - rainfall + sealevel + rainfall * sealevel)
Figure A3. MF3.
Normal Q-Q Residuals vs Fitted
o 860 o 866
&° o
o < - [e]
os°° i = bl o
oo o - — [+]
50 » s Fin. ~G g
o000 I co —
o 3 Gy
Lo} =
1 2 o o
87 T
o
& -
105
0105
T T T T T T T T 1
-2 1 0 1 2 -10 -5 0 5 10
Theoretical Quantiles Fitted values
Im(hnap ~ rainfall + sealevel + rainfall * sealevel) Im{hnap ~ rainfall + sealevel + rainfall * sealevel)
Figure A4. SF4.
Normal Q-Q Residuals vs Fitted
o 740
o 00O 4 W= & o & &
o [ e o
- oo i = o0
50 ao g o o [+] o :
o] 2 o o)
@ |
4 ' [¢]
780 700 780
=
Os4
o84 wn
T T T T T i o | T T
-2 1 0 1 2 -15 -10 -5 0
Theoretical Quantiles Fitted values

Im{hnap ~ rainfall * sealevel)

Figure AS. SFS.

Im{hnap ~ rainfall * sealevel)

Graphical analysis show that this model is correct for the mangrove stations. However,

heteroscedasticity can be noted for top soil salinity modelisation in the swamp forest stations. This is

due to the dry season event. In the swamp forest, our model gives a good picture of the relationship

between rainfall, sea level, and salinity during the major part of the year but our model appears not to be

accurate in predicting the intensity of dry seasons.
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