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Abstract

A methodology combining ecological modelling with geographical information analysis and remote sensing was
employed to determine the effects of sea-level rise in estuarine salt marshes, using the Tagus estuary (Portugal) as a
case study. The development of salt marsh vegetation was simulated separately for C3 and C4 plants, using a
combined biogeochemical and demographic model. This simulation, which provided small-scale (m?) results of annual
above-ground primary production, was upscaled to the whole salt marsh area, using bathymetry data, remote sensing
and Geographic Information System (GIS) for assessing vegetation cover and determining areal distribution of C3
and C4 vegetation. Based on IPCC data, several sea-level rise scenarios were considered, and the coupled ecological
model-GIS were applied to these in order to determine changes in global salt marsh productivity. The results indicate
that the salt marshes of the mesotidal estuaries such as the Tagus are susceptible to sea-level rise only in a worst case
scenario, which is more likely to occur if the terms set out by the Kyoto protocol are not met by several industrialised
nations. The low vulnerability of salt marshes supports the suggestion that areas with high tidal ranges are less
vulnerable to sea level change, due to greater sediment transport and accretion. Nevertheless, the precautionary
principle should always be applied by coastal planners, due to the great uncertainty surrounding forecasts of sea-level
rise. © 2001 Elsevier Science B.V. All rights reserved.
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atmospheric concentration of the main green-
house gases, carbon dioxide; methane and nitrous

1. Introduction

The enhanced greenhouse effect is well docu- oxide. This change has a Human origin — during
mented (e.g. IPCC, 1990; Titus and Narayanan, the last 250 years, industrial activity has been
1995). It is the result of a recent increase in the increasing and with it the combustion of fossil

fuels (such as coal, oil, and gas), which produce
these gases (Houghton, 1999). This problem was
_— first posed in the mid 1960s, when it was demon-
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fax: + 351-21-2948554. strate at greenhouse gases were accumulating
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The climatic response to the enhanced green-
house effect is calculated by means of highly
complex General Circulation Models (GCMs), as-
suming the doubling of the pre-industrial atmo-
spheric CO, concentration (the main greenhouse
gas). According to the reports of the Intergovern-
mental Panel on Climate Change (IPCC) in 1990,
confirmed in 1995, the global average temperature
will rise by about 2.5°C, with a range of 1.5-
4.5°C, depending on the model used (Berner and
Berner, 1996; Houghton, 1999; IPCC, 1999).
These results are still uncertain, however, due to
the natural temperature variability from place-to-
place, day-to-day, and season-to-season, as well
as to uncertainties with modelling (Gates, 1993;
Houghton, 1999).

A rise in average sea-level is another expected
consequence of the enhanced greenhouse effect,
both because of oceanic thermal expansion, and
the melting of Arctic and Antarctic glaciers (Titus
et al., 1991). The uncertainties in estimates about
future global sea-level rise are substantial. The
estimates for sea-level rise by 2100, made since
1983 by several authors, range from 0 to 350 cm
(Titus and Narayanan, 1995). This could be due
to the uncertain amount of temperature rise, as
well as due to the different model estimates given
for the amount of sea level rise due to the melting
of glaciers and small ice caps. However, according
to the estimates of IPCC the total average sea-
level rise is predicted to be about 12 cm by 2030
and about 50 cm by the year 2100 (Houghton,
1999; IPCC, 1999).

Temperature increase and sea-level rise will
have important impacts on aquatic ecosystems. In
Regions of Restricted Exchange (RREs), such as
estuaries, barrier islands and lagoons, benthic sys-
tems are especially affected by sea-level rise
through inundation, while pelagic production is
mainly affected by temperature change, which
could lead to a net photosynthesis increase
(Gates, 1993), as well as a rise in respiration rates.
Since respiration releases CO, to the atmosphere,
the increase of respiration rate with temperature
could represent a positive feedback on global
warming (Gates, 1993).

Salt marshes are coastal ecosystems developed
in temperate zones, mainly occupied by halo-

phytic vegetation and exposed to low hydrody-
namic conditions and tidal flooding. Ecologically,
salt marshes are characterised by their high pri-
mary productivity and species diversity, represent-
ing habitat for migratory waterfowl, transient fish
species and indigenous flora and fauna. Commer-
cially, these ecosystems provide important re-
sources as nursery grounds for several fish and
crustacean fisheries (Reed, 1990; Van Dijkeman et
al., 1990). Tidal amplitude, in relation to slope
and elevation of the shore, is a determining factor
for the location of salt marshes. Salt marsh vege-
tation is located in areas receiving both inunda-
tion by sea water and exposure to air, as well as
having an adequate soil salinity and chemistry
(Eleuterius and Eleuterius, 1979).

Since salt marshes are described as transition
zones between land and sea, they are also particu-
larly vulnerable to sea-level rise — as the sea
rises, the outer salt marsh boundary will erode
and new salt marsh will form inland. According
to Reed (1990), the response of coastal marshes to
relative sea-level rise depends upon their ability to
maintain their relative elevation through sedimen-
tation, areas where the sedimentation rate is in
excess of sea-level rise are considered areas of
positive balance. These areas are frequently asso-
ciated with estuarine marshes of rivers with high
sediment discharge. Conversely, where relative
sea-level rise exceeds coastal marsh sedimentation,
erosion processes take place and flooding is in-
evitable; an ‘elevation deficit’ occurs (Hackney
and Cleary, 1987; Boumans and Day, 1993; Reed
and Foote, 1997). Examples of these systems are
related to dammed rivers like the Mississippi and
the Nile. Finally, tidal range is considered by
Stevenson et al. (1986) to be an important indica-
tor of potential sediment transport, suggesting
that areas with high tidal ranges are less vulnera-
ble to sea-level change.

Salt-marshes are able to react to sea-level rise
by a negative feedback mechanism — a small
increase in sea level leads to greater mineral depo-
sition due to extended submersion time, and to
reduced soil compaction due to reduced decompo-
sition of organic matter in the soil (Nyman et al.,
1993; Allen, 1994). However, rapid sea-level rise
can counteract this negative feedback with a posi-
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tive one that actually increases salt-marsh loss,
increased submersion times reduce salt marsh pro-
duction and, therefore, organogenic sedimenta-
tion (Nyman et al., 1993; Nyman et al. 1994). In
fact, there are signs that organogenic sedimenta-
tion should be greater than sea-level rise, in order
to assure the continued existence of the salt marsh
(Allen, 1990a,b); mineralogic sedimentation is de-
pendent, not only on greater submersion periods,
but also on available sediment in the system,
which might not be sufficient to keep pace with
sea-level rise (Cahoon et al.,, 1995). Although
these two feedback processes are understood,
their modelling is still qualitative and exploratory,
with little quantitative reliability (Nyman et al.,
1994; Allen, 1997). Sedimentation of organic mat-
ter is considered constant (Allen, 1990b, 1994,
1995), correlated with mineralogic deposition
(Woolnough et al., 1995), or correlated with pri-
mary production, a process that requires extensive
calibration with field data (Day et al., 1999).
The objective of this work is to examine the
consequences of sea-level rise in salt marsh areas,
using an approach combining ecological mod-
elling, remote sensing, and geographical informa-
tion analysis. The methodology developed in this
paper allows the representation of vegetation
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Fig. 1. Methodology used for the integration of modelling and
GIS approaches.

growth and population dynamics at a small-scale
(m?), and an accurate upscaling to entire salt
marsh areas by analysing vegetation cover and
bathymetry.

2. Methodology

The relationship between the different compo-
nents of this work is shown in Fig. 1.

Data gathering was made by analysing the field
data described in the literature, and by remote
sensing of the study area. Firstly, a coupled bio-
geochemical and population-dynamics model was
built describing the main ecological processes of
salt marsh vegetation per unit of area. In parallel,
an initial spatial analysis of the salt marsh area
was conducted using Geographic Information
System (GIS) tools on geographical data (both
satellite imagery and field data). This information
also allowed the development of sea-level rise
scenarios. The model was then upscaled using the
spatial analysis data, in order to give results for
the full salt marsh area. Finally, the model results
were further analysed with GIS, giving them a
spatial dimension.

2.1. Study area

The Tagus estuary is one of the largest in
Europe, covering an area of about 320 km? (Fig.
2). Forty percent of this value corresponds to
intertidal zones, where about 20 km? are occupied
by salt marsh vegetation (Crespo, 1993; Cagador,
1994). This ecosystem forms the major part of the
Tagus Estuary Natural Reserve; only the salt
marshes belonging to the Reserve were object of
this study. Table 1 compares the study area with
other estuarine salt marshes.

This area was chosen because it can represent a
wide range of different estuarine salt marshes. An
average-sized salt marsh area thrives under
mesotidal conditions (tidal range of 1-4 m).
Halophytic succession is similar to other salt
marshes — lower areas are dominated by
Spartina species while the upper areas are domi-
nated by other species more resistant to saline
conditions, Halimione portulacoides and Arthroc-
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Fig. 2. Correlation between observed (Catarino and Cagador, 1981) and simulated biomass per unit area (g dw m~2). Mean
standard deviation of observed values (not shown) was estimated at about 640 g m ~2 for the lower marsh and about 1000 g m ~?

for the upper marsh.

nemum fruticosum. Soil composition in the salt
marsh areas is mainly of mineral nature with a
fine fraction of 40-60% while organic matter
levels correspond to about 10-20%.

2.2. Model development

Salt marsh vegetation processes were simulated
by combining a biogeochemical model and a de-
mographic model. The former addresses the phys-
iological processes at the individual level, and the
latter the population dynamics of salt marsh
plants. The two models were developed for the
aboveground vegetation part and are described
below.

2.2.1. Biogeochemical model
In this model, biomass variation can be simu-

lated for two pathways of carbon assimilation, C;
and C, (Eq. (1)).

0B

—=P,—R—L_ —F 1
o =P - M
where P,, gross production; R, respiration; L.,
leaf mortality; E, exudation. Gross production is
represented by Eq. (2).

Py =P SU) - AT) - f(N) )

where P, «» maximum allometric production of
C; or C, species; f(I), light intensity function;
f(T), air-temperature function; f(N), nutrient
function.

P, ax we 1S the maximum production rate of C,
and C, species at light saturation (Table 2), imple-
mented as an allometric function. Available light
energy is modelled according to Brock (1981), and
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for each plant biomass class, the potential produc-
tion is calculated using Eq. (3) based on the
half-saturation light intensity for C; and C, spe-
cies and on hourly photosynthetically active radi-
ation on the leaf surface

1
=G5 3
where [, light intensity; [, half-saturation con-
stant for solar radiation.

The air-temperature function is described by a
temperature coefficient for growth (Bach, 1993)
dependent on temperature optimum for C; and C,
salt marsh species and hourly air-temperature
variation

AT)= 05"~ "o 4)

where 0,, temperature coefficient for growth; T,
air-temperature; 7,,, temperature optimum for
growth.

The nutrient limitation function is based on a
cell-quota model that calculates the intracellular

Table 1
Comparison of several salt marsh systems around the world

nutrient status. The cell quota model estimates
intracellular nitrogen ey (Eq. (6)) and phosphorus
ep (Eq. (7)) fractions as function of three reference
values of nutrient/carbon quota — internal nutri-
ent/carbon ratio, minimum nutrient/carbon ratio
and critical nutrient/carbon ratio or Redfield ratio
(Bach, 1993; Baretta-Bekker et al. 1997)

S(N) = min(ey,ep) ()
where
_ (Xn — XR™)
~r [0’()(%3 - Xﬁin)’q ©
[ (e Xp)
ev=r| 05 iy "

and p(a, x, b) = min [b, max (a, x)]; Xy, intracel-
lular N/C ratio; X%, N/C content of the struc-
tural parts of the cell; XX, critical N/C ratio
(Redfield ratio); Xp, intracellular P/C ratio; X%,
P/C content of the structural parts of the cell; X§,
intracellular P/C ratio.

System Tidal range Salt marsh area  Vegetation References
(ha)
Lower marsh Upper marsh
Tagus estuary, Mesotidal 2000 Spartina maritima, Halimione Crespo, 1993
Portugal Scirpus maritimus portulacoides,
Arthrocnemum
Sfruticosum

San Francisco Microtidal 14760
Bay, US

Severn estuary, Macrotidal 770*
UK

North Inlet Microtidal 3200
estuary, US

Oosterschelde, Mesotidal 1725
Netherlands

Swartkops Microtidal 363
estuary, South
Africa

Spartina sp.

Spartina sp.
Spartina alterniflora

(tall forms)
Spartina sp.

Spartina maritima® -

Oceanus™, SFEP,
1992; Wright and
Philips, 1988

Salicornia sp.,
Frankenia sp.,
Grindelia sp.,
Distichilis sp.
Puccinellia sp. Randerson, 1985
Spartina alterniflora Dame and Kenny,
(short forms) 1986

Spartina sp., Dejong et al., 1994
Puccinellia sp.,

Halimione sp., Elymus

sp.

Pierce, 1983

4 Lower salt marsh only.
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Table 2
Parameter values used in the biomass production model

Name  Units Meaning Values References
Pox ¢C g dw m~2 C; maximum production 0.0023 Dejong et al., 1982
h-!
C, maximum production 0.0036 Catarino et al.,
1985
Allometric maximum production for weight class (1) 0.016 a
2) 0.011
(3) 0.0054

(4) in lower marsh vegetation
2

Prax we 8C g dw m™
h—! (4) in upper marsh vegetation

I W m~—2 C, light half-saturation constant
C, light half-saturation constant
0, h—! Temperature coefficient for growth
0, h—! Temperature coefficient for growth
Topt °C Temperature optimum
X, - Internal N/C
Xmino Minimum N/C
xR - Critical N/C
X, - Internal P/C
D Minimum P/C
XRe - Critical P/C
q - Exudation under nutrient stress
ybas h—! Basal respiration (Cs)
Basal respiration (C,)
Q1o - Qo value
qre - Respired fraction of production
w, h—! Coefficient for H (Eq. (11))
W, m~! Coefficient for H (Eq. (11))
Ly.x GC gdw h™! Maximum L, rate (Cs)
Ly GC gdw h™! Maximum L,, rate (C,)

Allometric maximum production for weight class (1), (2), (3) and 0.0023

0.0036
Dejong et al., 1982

150 Dejong et al., 1982
300 Dejong et al., 1982;
Morris, 1982

1.08 Bach, 1993

1.07 Bach, 1993

25 a

0.063 2

0.04 Bach, 1993

0.06 Bach, 1993

0.0062 a

0.004 Bach, 1993
0.006 Bach, 1993

0.2 Bach, 1993
3.5x107° 2
23x1073 @
2 Baretta-Bekker et
al., 1997
0.1 Baretta-Bekker et
al., 1997
30 Bach, 1993
1.5 Bach, 1993
23x10~4 2
1.2x10~% @

2 Values estimated at calibration.

Exudation, respiration and leaf mortality are
sink terms in individual gross production (Eq.
(1)). When the water rises salt marsh plants lose a
few percent of the photosynthetic products, as
dissolved organic carbon (DOC), to the water
(Pomeroy et al., 1977). The excreted fraction (F)
of gross production, exudation, is modelled as the
sum of an activity excretion P,-¢* and the
nutrient-stressed excretion (Eq. (6)), which is pro-
portional to 1—f(N) (Baretta-Bekker et al.,
1997)

E=Pylg™+ (1 —¢%) (1 -f(N))] ®)

where ¢°*, fraction of gross production, which is
excreted under nutrient-stressed conditions.
Without nutrient limitation f(N) =1, exudation
is a fraction of gross production. With total nutri-
ent limitation f(N) =0, exudation becomes equal
to gross production, which means that all the
photosynthetic products are being converted to
DOC and no biomass growth occurs.
Respiratory losses described by Eq. (9) consist
of a basal temperature-dependent respiration
pPas [QTTer =D and  activity  respiration
q™(P—FE), which act only on assimilated
biomass P, — E (Baretta-Bekker et al., 1997)
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R=rbes - Qfor ™Dy gres - (P, — E) ©)

where r°*, basal respiration; Q,,, Q,, value; g™,
respired fraction of production.

Leaf mortality is also a temperature-dependent
function (Eq. (10)). The action of the tides and
wave motion on leaf breakage is simulated
through Eq. (11), where loss of above ground
biomass H increases with decreasing water height,
expressing the greater effect of wave impact in
shallow waters.

Ly=Lyal03 ") H (10)

where L., maximum leaf mortality rate; 0,,
temperature coefficient for leaf mortality;

H=14W,-e " (11)

where H, loss of above ground biomass due to
wave motion; W, and W,, constants estimated at
calibration (Bach, 1993); A, tidal height.

2.2.2. Demographic model

Population dynamics was simulated through a
class transition model (Press et al., 1995; Ferreira
et al., 1998). This sub-model simulates the transi-
tion of the individuals between weight classes in
order to describe plant population density per
unit area. Class transition is expressed by Eq.

(12).

an((;,t)z _a[n(s,ra)§’<s’f)]_u[(sm(s,r)] (12)
S

Table 3
Parameter values used in the demographic model

where ¢, time; s, weight class; n, number of indi-
viduals; g, scope for growth (growth rate); pu,
mortality rate.

The number of plants in each weight class
depends on the individual scope for growth and
on an allometric natural mortality rate. Addition-
ally, erosion losses in the number of individuals
are higher for lower weight classes (Table 3), i.e.
physical resistance is also simulated allometrically.
Recruitment to class 1 is explicitly modelled as a
source of new recruits to the population. This is
due to the reproduction in weight class 4, and
decreases individual scope for growth in this
weight class during the reproductive period.

2.2.3. Model calibration and validation

The model was implemented using the Power-
sim™ software, and was calibrated independently
for C; and C, plants. Carbon is used as the
central model unit, and simulations were run with
a time step of 1 h, over a period of 110 years. The
parameters used in the biogeochemical and demo-
graphic models are presented in Table 2 and
Table 3, respectively.

The comparison between the model results ob-
tained for total biomass, production and density,
and the field data for these variables were used to
validate the model. Model results for the C, pho-
tosynthesis pathway were compared with field
data obtained for Spartina maritima (lower
marsh) while C; model results were compared

Name Units Meaning Lower marsh Upper marsh

S, g dw Mean dry weight class 1 1.0 1.0

S, Mean dry weight class 2 1.5 L.5

S Mean dry weight class 3 2.0 2.0

S4 Mean dry weight class 4 2.5 2.5

Wt, Ind m—2 Weight class 1 600 1600

Wt, Weight class 2 188 700

Wt, Weight class 3 50 200

Wt, Weight class 4 100 100

m h—! Mortality rate in weight class 1 0.3/1 440015 ma 0.25/1 4 (6~ 0-004%m0a

Iy Mortality rate in weight class 2 0.05/1 40 004"2a 0.016/1 +¢ 7>~ 0-012%2)a

s Mortality rate in weight class 3 0.01/1 4 (65700870 0.0076/1 4 (2700277 13)a
Iy Mortality rate in weight class 4 0.012/1 4¢®~007"a 0.00005/1 ¢! ~ 008

4 n,, number of individuals in weight class i (i =1, 2, 3 or 4, respectively).
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with field data averaged from Arthrocnemum
fruticosum and Halimione portulacoides (upper
marsh).

2.3. Geographical information analysis

2.3.1. Bathymetry data

The bathymetry data available for the Tagus
estuary consists of a grid with 300 m resolution,
generated by the Hydrographical Institute of the
Portuguese Navy from in situ depth measure-
ments. This table was used in 1992 to create the
navigation charts for the Tagus estuary, which
means the data was gathered around 1990. The
grid is projected in the Portuguese Gauss-Military
system.

2.3.2. Salt marsh data

The determination of salt marsh areas was
achieved through remote sensing. The data came
from a Landsat image of the Tagus estuary with a
resolution of 30 m per pixel, taken in 1991 at low
spring tide; this means it contains all the estuarine
intertidal area. The image was rectified in order to
fit into Portuguese military co-ordinates; ground
control points were collected from the bathymetry
map in order to achieve the best matching with
the existing data. All image treatment was exe-
cuted with ER Mapper™,

Salt marsh area was defined using a Normalised
Differential Vegetation Index (NDVI). According
to several authors (for example, Goward et al.,
1985; Zhang et al., 1997), vegetation can be high-
lighted from multi-spectral images using vegeta-
tion indices. These indices are generated by the
combination of remote sensing bands (usually in
the red and near infrared spectrums) to highlight
information on vegetation location and abun-
dance. NDVI is based on the high absorption of
energy by vegetation pigments in the red and low
absorption in the near-infrared spectral range and
can be calculated as

Near_Infrared — Red
Near_Infrared + Red

(Modified from Goward et al., 1985). (13)

NDVI =

NDVI and similar indexes have been used exten-

sively for salt marsh zonation and classification
(Zhang et al., 1997).

From the NDVI results, enhanced to display
only the study area, salt marshes were defined
with a GIS. There is a clear difference between
salt marsh and surrounding area in terms of vege-
tation density (Eleuterius and Eleuterius, 1979),
which allows a clear differentiation between both.
The area was then quantified using tools from the
GIS software.

2.3.3. Sea-level rise scenarios

According to Allen (Allen 1990a,b, 1995, 1997)
the relative elevation to tidal datum of the surface
of a salt marsh at a place (1) changes annually
with ‘natural’ sea-level rise due to mineral and
organic accretion, which includes natural subsi-
dence, soil compaction and depletion of ground-
water levels, and sea-level rise due to climate
change

9
aiz = 0S,in + 08,y — OM — 0P (14)

where ¢, time; S,;, the thickness of added
minerogenic sediment; S, the thickness of added
organogenic sediment; M, the change in relative
sea-level (positive upward); P, change in the posi-
tion of the marsh surface due to longe-range
compaction.

To simulate the gradual water elevation deficit
in the study area during the simulation period, a
simple model was developed taking into account
the process referred above. The model was cou-
pled with the production module in order to
reflect the effects of water elevation on lower and
upper salt marsh vegetation.

Due to the lack of data on mineral and organic
accretion in the study area, a constant annual
sedimentation rate was used. The sedimentation
rate for the Tagus estuary was estimated as 0.77
cm per year for the study area (Castanheiro and
Relvas, 1985). Natural sea-level rise has been
estimated as 0.18 cm per year (Titus and
Narayanan, 1995). The water rise scenarios pro-
posed by IPCC (1995) were chosen for this study.
IPCC estimates a sea-level rise due to climate
change, from 1990 to 2100, to be about 50 cm, or
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Table 4

Comparison between model results and field data for lower and upper marsh density, biomass and production®

Zonation Observed values

Model results

Lower marsh

Upper marsh

Lower marsh Upper marsh

Density (stems m~2) — (500-2500)
Biomass (g m™2) 924 (417-1417)
Production (g m~2 per year) 670

3337 (2271-4522)

- 480 (260-860) 2500 (1645-3457)
850 (544-1342) 3240 (2198-4298)
1900° 600 1800

* Field observed data were taken from Catarino (1981) and Catarino and Cagador (1981). Values between brackets correspond to

the range of observed and predicted data.

® Mean value obtained for Arthrocnemum fruticosum and Halimione portulacoides.

0.45 cm per year. The ‘high sea-level rise’ scenario
presented corresponds to a 95 cm rise, or 0.86 cm
per year (IPCC, 1995, 1999). Both scenarios were
studied due to the high uncertainty surrounding
this issue. A linear increase in this variable was
considered during the simulation period.

3. Results and discussion
3.1. Model results per unit of area

The results of the main model state variables in
the standard simulation are presented in Table 4.
The comparison between model results and field
data shows that simulated density, biomass and
production fall within the range observed by
Catarino (1981) and Catarino and Cagador
(1981), although the model slightly overestimates
measured data of biomass and production for
lower marsh vegetation.

Observed and simulated biomass per unit area
over 1 year is represented in Fig. 2. The correla-
tion between these two variables is positive and
significant (P < 0.01).

3.2. Model upscaling

3.2.1. Spatial analysis of salt marshes

Fig. 3 shows the NDVI derived from the Land-
sat image. The NDVI has been classified into 256
classes corresponding to vegetation density, with
higher classes (darker colours) representing higher
density. As can be seen in the figure, the differ-
ence in vegetation density between salt marsh and

non-salt marsh areas is clear enough to allow an
easy delimitation of the area. This is especially
true for the differentiation between salt marshes
and tidal flats. Therefore, zonation of salt marshes
was achieved by means of photo-interpretation.
The total salt marsh area was calculated to be
1876 ha.

A comparison was made with the earlier salt
marsh zonation by Crespo (1993) in order to
confirm the results obtained using the NDVIL.
Crespo conducted a supervised classification of a
SPOT satellite image from 1986, determining total
marsh area as being 1998 ha. Crespo also com-
pared classification results with existing salt marsh
cartography from 1980, which determined total
marsh area as being 1938 ha. These two methods
also showed very similar results in locating salt
marsh areas.

This study obtained very similar results to both
the SPOT data and the cartography. Not only are
the salt marsh areas very similar in size, they are
also located in the same regions. The small differ-
ence in area size is probably due to the fact that
Crespo’s analysis includes a small salt marsh area
to the south of the estuary not included in the
present study. Therefore, confirmation of NDVI
methodology for the Tagus estuary is accepted in
both salt marsh location and area determination.

3.2.2. Relation between salt marsh zonation and
tidal level

Knowledge of the relation between tidal levels
and salt marsh zonation is useful to determine the
impact of sea-level rise on salt marshes with dif-
ferent elevations above tidal datum. In salt
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marshes with large tidal amplitudes, the lower
height of the salt marsh is expected to be slightly
above the mean low tide (Eleuterius and Eleuterius,
1979). A probable reason is that, in these estuaries,
plants near the mean low tide line are more often
below water than in estuaries with low tidal ampli-
tude. The Tagus estuary has an average tidal
amplitude of about 2.5 m (determined with the
Oceanus™ software), which means it can be
classified in this range. The mean low tide for the
estuary is 0.95 m, so salt marshes may be expected
to occur above this level.

Fig. 4 shows the distribution of salt marsh areas
by height classes, above the mean low tide; average
salt marsh height is 1.64 m above tidal datum. An
analysis of the image shows two groups of salt
marsh, one between 0.9 and 1.5 m; and one above
1.5 m. Only 65% of the salt marshes are represented
in this chart, however, due to problems in correlat-
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ing the high-resolution satellite image with the
more coarse bathymetry data. Of the remaining
35%, it is only possible to determine if they are
below or above the 1.5 m line (6% are located below
1.5 m while 29% are located above this level).

In order to explain this separation in height
classes, it must be considered that this could
represent domination either by lower marsh plant
species or upper marsh plant species, since the
former prefer areas with frequent exposure periods,
while the latter usually occupy areas with frequent
submersion periods (Eleuterius and Eleuterius,
1979).

A comparison with existing cartography in Cre-
spo (1993) was impossible due to the fact that there
is no clear differentiation between lower marsh and
upper marsh plants. However, Catarino (1981)
determined lower marsh and upper marsh plant
areas to be, respectively, 72 and 28% of the total
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Fig. 3. NDVI derived from satellite image (darker colours represent higher vegetation density). Study site location is also shown.
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Fig. 4. Distribution of salt marsh areas according to height.

salt marsh area in the Tagus estuary. The similarity
between the lower marsh and upper marsh areas
determined by Catarino (1981) (525 and 1351 ha,
respectively) and the ones determined to be below
or above 1.5 m (675 and 1201 ha, respectively),
leads to the conclusion that there is a relationship
between these two factors. Therefore, this study
considers that salt marsh areas located below 1.5
m are dominated by lower marsh vegetation, while
upper marsh plants dominate areas located above
this level (Table 5). This conclusion is supported by
the work of Eleuterius and Eleuterius (1979) in
determining the influence of tidal height in upper
and lower salt marsh zonation.

3.2.3. Modelling of total salt marsh production

Modelling of the sea-level rise effects was made
using only the high estimate scenario of sea-level
rise (95 cm) discussed above, since the modelled
sediment deposition for the best estimate scenario
was above the projected sea-level rise (50 cm) in
2100.

Lower and upper marsh areas were simulated
using the C, and C; models, respectively, due to the
fact that one C, species dominates the lower marsh,
while two C; species dominate the upper marsh.
Total plant production of the system, calculated by
upscaling the ecological model using the GIS areas,
can be used to discuss the role played by salt marsh

plants on nutrient removal from the system. The
population equivalent values used for nutrients
were 4380 g N and 1022 g P per inhabitant per
year. Thus, the salt marsh production is responsi-
ble for the annual removal of about 1200 tonnes of
nitrogen and 170 tonnes of phosphorus, which
corresponds to roughly 270000 inhabitants and
170 000 inhabitants, respectively.

Fig. 5 shows the model results obtained for
vegetation density of both lower and upper salt
marshes (from 1990 to 2100) in both sea-level rise
scenarios considered, 0 and 95 cm in 2100. The
number of individuals in both marsh zones de-
creases over the simulated years and tends towards
zero, especially for plants of the lower marsh.

The values of total salt marsh production and
biomass calculated by the model for both scenarios
are presented in Fig. 6. In 2100, the model pre-
dicts losses in biomass and production of

Table 5
Scenario characteristics

Lower marsh Upper marsh

Total area (ha) 1201 675

Average height in 1990 1.85 1.28
(m)

Average height in 2100 1.55 0.98
(m)
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about 100% of the actual plant marsh produc-
tion in the lower marsh, which means that by
2100 the present day lower salt marsh may po-
tentially disappear. In the same scenario at the
end of the last simulated year, the upper marsh
biomass will decrease by 35% while production
losses will reach 50%. This result can be due to
plant marsh zonation since pioneer species of
the lower marsh are the first vertical colonisers
and the first to be inundated. It must also be
remembered that the model does not consider
any colonisation made by lower marsh vegeta-
tion in areas earlier dominated by upper marsh
plants.

3.3. Salt marsh loss — spatial risk assessment

In order to determine the susceptibility to
submersion of different salt marsh areas in the
estuary, a risk assessment was carried out. This
assessment was based on the two sea-level rise
scenarios discussed above. IPCCs best estimate,
which indicates no loss of salt marsh area, was
considered the most likely scenario; and IPCCs
high estimate, which indicates the complete loss
of salt marsh area, was considered the least
likely. It was assumed that the lowest regions of
marsh would be the first to disappear, and that
no new colonisation would take place, since the
amount of newly created wetlands will be much
smaller than the area of wetlands that are lost
(EPA, 1999). Fig. 7 presents the results of this
analysis, carried out for the following four risk
classes:

e Very High Risk: the lowest 25% of salt marsh

area (0.9-1.4 m);

o High Risk: 25-50% of salt marsh area (1.4—1.7

m);

® Moderate Risk: 50-75% of salt marsh area
(1.7-1.9 m);

e Low Risk: 75-100% of marsh area (1.9-2.3
m).

The eastern salt marsh area is the most resis-
tant, due to its higher elevation, and most of the
area has a moderate to low risk of destruction.
Conversely, the lower salt marsh areas in the
north and west of the estuary present high to very
high risk.
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4. Conclusions

The methodology developed in this study inte-
grates biogeochemical and demographic mod-
elling, remote sensing and geographical
information analysis. Feedback components be-
tween the small-scale simulation and marsh-scale
processes were also introduced.

The key information was determined to be the
bathymetry, plant zonation (in this case differenti-
ated by vegetation type and height class), and
data on vegetation density and productivity. The
use of a combined biogeochemical and demo-
graphic model to represent the small-scale
biomass dynamics provides a way to include
meaningful abiotic forcing in the production
model, whilst retaining the frequently important
differentiation between cohorts, e.g. insofar as
reproduction and recruitment is concerned. Im-
provements, which must be considered, include a
better description of nutrient availability and the
simulation of the salt marsh below-ground
biomass.

The coupled model developed in this work pro-
vides a robust methodology for analysis of the
effects of global change on benthic primary pro-
duction of coastal areas, not only for halophytic

Risk of salt marsh loss
B Very high

[ | High

[ Moderate

O Low

Fig. 7. Results of the risk assessment for the losses in salt
marsh areas of the Tagus estuary.

vegetation, but (with some modifications in the
description of productive processes) also for
macrophyte algae, seagrasses and mangroves.
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