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Abstract

In response to climatic warming, eustatic sea level has been predicted to rise by about 50 cm in the next century. While feedbacks
between vegetation growth and sediment deposition tend to allow marshes to maintain their morphology under a constant rate of sea
level rise, recent observations of marsh deterioration suggest that changes in the rate of sea level rise may induce loss of economically
and ecologically important marshland.We have developed a three dimensional model of tidal marsh evolution that couples vegetation
growth and sediment transport processes including bed accretion and wave erosion. We use the model to simulate the response of
marshes and tidal flats along the Fraser River Delta, British Columbia to 100 yr forecasts of sea level change. Under low sea level-rise
scenarios, the delta and its marshes prograde slightly, consistent with historical measurements. While accretionary processes greatly
mediate the response to increased rates of sea level rise, vegetation zones transgress landward under median and high sea level rise rate
scenarios. In these scenarios, lowmarsh erosion and constriction of highmarsh vegetation against a dyke at its landward edge result in
a 15–35% loss of marshland in the next century. Several important behavioral changes take place after 2050, suggesting that
predictions based on field observations and short term model experiments may not adequately characterize (and sometimes
underestimate) long-term change. In particular, the replacement of highly productive high marsh vegetation by less productive low
marsh vegetation results in continued reduction of the system's total biomass productivity, even as the rate of loss of vegetated area
begins to decline.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Tidal marshes are among the world's most ecolog-
ically productive and economically valuable ecosys-
tems, but have recently been degrading to unvegetated
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mudflats or open water in many regions (Costanza et al.,
1997). Tidal marshes provide habitat and nursery
grounds for commercially important fin and shellfish,
buffer coastal cities from storms, trap contaminants, and
supply abundant organic matter to estuarine and marine
environments (e.g. Turner, 1977; Patrick, 1994; Cost-
anza et al., 1997; Mitsch and Gosselink, 2000). High
sea level rise rates and low sediment supply rates are at
least partially responsible for their recent decline. For
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example, vertical accretion rates that are slower than
relative sea level rise rates have resulted in submergence
of wetlands in Louisiana and the Chesapeake Bay re-
gion, where sediment has been diverted and rates of
subsidence are high (e.g. Reed, 1995; Kearney et al.,
2002). In other regions, marsh loss is dominated by
erosion from waves or channels rather than vertical
submergence. In New York and southeast England, the
edges of marshes have been retreating in response to
increased wave erosion while the interior marshland has
been eroding due to channel widening and lengthening
(Hartig et al., 2002; Van der Wal and Pye, 2004).

Despite losses of marshland in certain regions, long-
term vertical accretion rates typically mimic sea level rise
rates, suggesting that tidal marshes are generally in long-
term equilibrium with sea level (Friedrichs and Perry,
2001). An increase in the rate of sea level rise typically
leads to increased inundation and sediment delivery to the
marsh platform, increasing its rate of accretion. An
increase in water depth on the platformmay also stimulate
the growth of vegetation which traps sediment, further
enhancing deposition rates (Morris et al., 2002). These
positive relationships between inundation and accretion
tend to stabilize the response of marshes to changes in
rates of sea level rise, allowing a marsh to maintain its
general morphology and biological productivity (Morris
et al., 2002; Kirwan and Murray, 2005, 2007). However,
more frequent and deeper inundation will tend to increase
the volume of water flowing through the channel network
andmay cause the network to expand at the expense of the
vegetated marsh platform (Allen, 1997). In marshes
subject to wave erosion, greater tidal flat depths may
decrease dissipation of wave energy and lead to greater
erosion rates near the marsh margin.

A number of one-dimensional numerical models of
marsh accretion have been used to explore how a marsh
platform will respond to sea level change (e.g. French,
1993; Allen, 1995; Morris et al., 2002). In these models,
the marsh platform accretes at a rate proportional to its
depth below high tide, a proxy for inundation frequency
and duration. These models predict that under a constant
rate of sea level rise, a marsh deep in the tidal frame will
accrete at rates greater than the rate of sea level rise.
Accretion rates decline as the platform gains elevation
relative to sea level, until the platform reaches an equi-
librium water depth where accretion equals sea level
rise. An increase in the rate of sea level rise or a decrease
in the rate of sediment delivery will temporarily cause
accretion rates to fall behind sea level rise rates, and the
platform will deepen. Deepening continues until depo-
sition rates (increasing with depth) match the sea level
rise rate and the platform reaches a new equilibrium.
Several complications challenge the ability of existing
models to predict how intertidal surfaces respond to envi-
ronmental change such as changes in rates of sea level rise
or sediment delivery. Suspended sediment concentrations,
for example, decrease with distance from the nearest
channel and strongly influence patterns and rates of plat-
form accretion (Friedrichs and Perry, 2001). This suggests
that one-dimensional accretion models cannot fully
address marsh morphodynamics. Models with spatially
variable accretion rates (e.g. Reyes et al., 2000; Mudd
et al., 2004) do capture these effects, but do not allow for
changes in the channel network, which could alter the
amount of sediment available for accretion. Recent
models have started to address the coupled evolution of
marsh platforms and channel networks, but these are
neither intended nor suited for the prediction of a specific
marsh's response to sea level rise (Kirwan and Murray,
2007; D’Alpaos et al., 2007). Following Morris et al.
(2002), these models assume that vegetation productivity
increases with depth, as observed in a South Carolina
Spartina alterniflora salt marsh. In other regions, how-
ever, increasing inundation appears to decrease produc-
tivity (e.g. Reed and Cahoon, 1992). In such cases,
accelerated sea level rise may lead to less productive
vegetation, which would lead to slower accretion and
facilitate more rapid submergence. This response differs
fundamentally from the stability predicted by models that
involve increasing biomass productivity and accretion.
Finally, wave erosion determines the seaward extent of
tidal marshland in many locations (e.g. Van der Wal and
Pye, 2004). Existing models relate wave erosion to bed
elevation and vegetation density, but do not consider sea
level rise (van de Koppel et al., 2005). If accelerated sea
level rise causes a deepening of intertidal surfaces, as other
models suggest (French, 1993;Morris et al., 2002; Kirwan
andMurray, 2007), then the rate of wave erosion would be
expected to increase with the rate of sea level rise.

Atmosphere–Ocean General Circulation Models
(AOGCMs) project an acceleration of global sea level
during the current century (IPCC, 2001). Although
considerable uncertainty exists, a median scenario of sea
level rise involves a global rate change from the late
Holocene average of about 1 mm/yr to rates of about
6 mm/yr by 2100, and a total rise of about 40 cm. Higher
scenarios involve maximum rates of about 11 mm/yr.
Estimating a critical sea level rise rate that would drown
marshes remains problematic, and depends on the local
sediment supply and properties of vegetation. For ex-
ample, marshes on the Yangtze River Delta accrete 14–
25 mm/yr (e.g. Yang et al., 2003), while widespread
deterioration of marshes has already occurred in the
sediment starved Chesapeake Bay and Louisiana
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regions, where rates of relative sea level rise are about
3 mm/yr and 10 mm/yr, respectively (Reed, 1995;
Kearney et al., 2002). Numerical models demonstrate
that when vegetation is intact, marsh platforms maintain
an intertidal position under wide ranges of sediment
delivery and sea level rise rates exceeding 10 mm/yr
(Morris et al., 2002; Kirwan and Murray, 2007). How-
ever, disturbance to vegetation can cause the platform to
be unstable and prone to drowning, at much lower rates
(Kirwan and Murray, 2007).

In some marshes responding to sea level rise, inter-
tidal vegetation migrates landward by replacing forest-
land (e.g. Brinson et al., 1985; Williams et al., 1999;
Kirwan et al., 2007). In other areas, steep slopes or
artificial dykes prevent landward migration of vegeta-
tion, meaning that any loss of marsh at the seaward side
cannot be compensated by landward expansion (e.g.
Van der Wal and Pye, 2004). However, the presence of a
dyke does not guarantee a reduction of marsh area.
Marshes bounded by a dyke may build vertically in
equilibrium with the rate of sea level rise, or even
expand in the seaward direction (e.g. Van der Wal and
Pye, 2004). This variability in marsh behavior, including
observed deterioration in several regions worldwide,
raises several important questions about how tidal
surfaces will respond to future sea level change:

1) How will accretion rates and intertidal water depths
respond to forecasted sea level scenarios?

2) How will vegetation productivity and zonation
patterns respond to sea level change?

3) Where and when are changes to substrate and
vegetation most evident?

Given the economic and ecological importance of
tidal marshes, it is important to fully understand their
response to sea level rise. Developing fully coupled
models of marsh accretion, erosion, and vegetation, is an
important step towards management of this ecosystem.
We address the questions above by simulating the re-
sponse of marshes to various sea level projections with a
coupled model of vegetation productivity, vertical accre-
tion, and wave erosion. We focus on the marshes and
tidal flats along a portion of the Fraser River Delta,
British Columbia, as a case study. A dyke bounds the
landward edge of this marsh, meaning that we can
ignore the complex interactions between marsh and
terrestrial vegetation that would govern the expansion of
marshland in the landward direction. We use a highly
simplified numerical model that only incorporates pro-
cesses hypothesized to be most essential in governing
long-term behavior. For example, in this particular
area, we assume marshland erodes primarily due to
waves rather than channel currents (Hill, 2006). Conse-
quently, the computationally intensive hydrodynamic
flow routing included in other models of marsh mor-
phology (Kirwan and Murray, 2007; D’Alpaos et al.,
2007) is not needed. These simplifications allow the
model to simulate a large area (5 km2) over the next
century. However, since a number of more detailed
processes (e.g. distinguishing between above-ground
sediment trapping and below-ground organic matter
accumulation in estimates of substrate accretion) are not
incorporated, the results of the modeling should be
viewed as an initial exploration of basic behavior rather
than a precise simulation. In this contribution, we focus
on how different sea level and subsidence scenarios may
affect the biological productivity and morphologic
stability of intertidal surfaces. We are not aware of any
other simulations that model the response of marsh
morphology and ecology to IPCC sea level projections.

2. Study area

The Fraser River delta is an accumulation of
Holocene sediment where the Fraser River meets the
Georgia Strait, in southwestern British Columbia,
Canada (Fig. 1). The delta has accumulated since about
9000 BP (C-14 yr), prograding seaward at an average
rate of 2.4 m/yr since 2250 BP (Williams and Roberts,
1989). Relative sea level inferred from Fraser River
Delta sediments (Williams and Roberts, 1989), and
elsewhere in the region (e.g. Long and Shennan, 1998),
rose about 1 mm/yr over similar time scales. Westham
Island, part of the Fraser River delta, is bounded by the
Main Arm of the Fraser River and Canoe Pass. Mean
tidal range is about 3.5 m (Canadian Hydrographic
Service, 2006). From seaward to landward, intertidal
surfaces typically consist of sandflats, mudflats, and
marshland. Marshland consists of brackish water spe-
cies including, from seaward to landward, Scirpus
americanus, Carex lyngbyei, S. maritimus, and Typha
sp. Shaw et al. (2006) consider the distribution of vege-
tation zones in more detail. A dyke separates the inter-
tidal flats and marshland from agricultural lands along
the entire length of Westham Island.

The Stevenson and Vancouver tidal gauges record
relative sea level rise rates of 0.85–1.5 mm/yr since 1940
(Fig. 2). Local subsidence of the delta may account for an
additional 2 mm/yr (Mazzotti et al., 2006). Long-term
accretion rates measured with Cs-137 in marshes along
Lulu Island, which neighbors Westham Island to the
north, range from 2.6 mm/yr to 8.5 mm/yr (Williams and
Hamilton, 1995). The lowest rates weremeasured near the



Fig. 1. Landsat image of Westham Island, British Columbia study area.
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seaward border, likely reflecting the erosion or re-
suspension of sediment by waves. Our coarse interpreta-
tion of historical photographs (1960s to present) suggests
that themarsh has prograded seaward near channels, but is
stable or slightly transgressing elsewhere.

3. Methods

3.1. Approach

We represent the topographic surface of Westham
Island with a grid of elevation points determined by
Fig. 2. Historical tidal gauge records of sea level near Westham Island. Ste
Westham Island. Monthly sea level data (points) from PSMSL (2006), and has
level rise rate determined by linear fit (dashed line) is 1.5 mm/yr and 0.85 m
level plotted in reference to an arbitrary, global datum defined by PSMSL.
Light Detection and Ranging (LIDAR) in 2001, and
resized to give a 5×5 m cell size (Fig. 4). The LIDAR
elevations are relative to mean sea level. We measured
water depth at several points on the marsh platform
during a single spring high tide (July 22–23, 2005) and
estimate that spring high tides inundate LIDAR ele-
vations less than about 2.0 m. Our basic approach is to
model local elevation change from vegetation-influ-
enced deposition and a simplified treatment of wave
erosion. At the end of each model iteration we calculate
local deposition and erosion rates in every cell, and
update the bed surface and sea level position. We then
veston tidal gauge is 3 km and Vancouver tidal gauge is 17 km from
been smoothed with a 12-month moving average filter (solid line). Sea
m/yr, respectively, at Steveston and Vancouver, British Columbia. Sea



Fig. 3. Mean (±1 S.E.) biomass productivity of brackish marshes on
Westham Island. Water depths were estimated from LIDAR elevations
and measurements of water depth using the tide stick methodology of
Smith and Warren (2007), during a spring high tide. Scripus
americanus data from Boyd (1995).
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determine vegetation type and biomass productivity ac-
cording to the bed surface elevation relative to sea level.

3.2. Deposition

Following Morris et al. (2002) and Kirwan and
Murray (2007), the deposition rate in each cell depends
on the concentration of sediment suspended above the
marsh platform, Css, and the biomass productivity, B, of
each cell:

Deposition rate ¼ ðqþ k2⁎BÞ⁎h; ð1Þ
where q and k2 are constants of proportionality (Morris
et al., 2002). k2 represents both the effect of sediment
trapping by vegetation and the input of organic sedi-
ment, and q varies as a function of inorganic sediment
supply. As in a number of previous aggradation models
(e.g. French, 1993; Allen, 1995; Morris et al., 2002), the
deposition rate is proportional to high tide water depth,
h. We capture the basic behavior that suspended sedi-
ment concentrations decline with distance away from
tidal channels by identifying the two major channels
(Canoe Pass and the Main Arm of the Fraser River) that
deliver sediment to Westham Island. In the model, we
calculate values of q that exponentially decay with dis-
tance from these two major channels. While we expect
the general form of this equation to hold in many in-
organic dominated marshes, values of parameters q and
k2 depend on characteristics of a specific marsh and
require local calibration (see Section 3.6).

3.3. Vegetation

The productivity and standing biomass of tidal marsh
vegetation is related to the magnitude and frequency of
tidal flooding (e.g. Reed and Cahoon, 1992). In previous
morphological models (Morris et al., 2002; Mudd et al.,
2004; Kirwan and Murray, 2005; D'Alpaos et al., 2007),
vegetation productivity increases with inundation depth,
up to some optimum depth. This relationship is based on
a 20 yr record of S. alterniflora biomass productivity, a
highly salt tolerant grass, in South Carolina, where an-
nual variability in productivity correlates with mean
annual sea level anomalies (Morris et al., 2002). At
Westham Island, however, the marshes consist of mul-
tiple brackish-water species, and we observe that pro-
ductivity generally declines with water depth. In the
absence of a long-term dataset relating productivity to
annual sea level, we measured biomass productivity and
water depth along a transect from high to low marsh, and
assume that a spatial relationship between productivity
and depth is applicable to temporal changes in depth that
may occur under increased rates of sea level rise. We
measured the biomass of live stems along an elevation
gradient in July, 2005 near the seasonal peak in standing
biomass to estimate annual productivity (Giroux and
Bedard, 1988). We sampled 12 25×25 cm quadrats at
each elevation using the nondestructive methods of
Thursby et al. (2002). Annual productivity of high marsh
vegetation, dominated by S. maritimus, was approxi-
mately 600 g m−2 yr−1 (Fig. 3). This is significantly
higher than the productivity of low marsh vegetation at
Westham Island, which is dominated by S. americanus
(Boyd, 1995). Karagatzides and Hutchinson (1991) also
found that high elevation S. maritimus marsh was more
productive than low S. americanus marsh on the Fraser
River Delta. In the field, we observe a gradual rather than
abrupt transition from S. maritimus to S. americanus,
and assume that productivity decreases linearly in this
transitional area. In the model, we assign a biomass
productivity (B) based on the depth (h) of the bed surface
below spring high tide sea level:

if then
h b 1:1 B ¼ 600 ðhigh marsh vegetationÞ
1:1 V hb2:1 B ¼ ð600� 400⁎hÞ ðtransitional vegetationÞ
2:1 V hb2:6 B ¼ 200 ðlow marsh vegetationÞ
hz 2:6 B ¼ 0 ðunvegetated tidal flatsÞ

ð2Þ
where B has units of g m−2 yr−1 and h has units of m.

3.4. Erosion

Avariety of measurements of accretion and elevation
change indicate that waves from the Georgia Strait erode



Fig. 4. Comparison between modeled topography and actual topography. Initial topography consisted of a constant slope. The modeled topography
represents 2000 iterations (∼330 yr) under 1 mm/yr sea level rise rate. Actual topography measured relative to mean sea level by LIDAR. In the
profiles, modeled elevations are denoted by the heavy black line and actual elevations are denoted by the small blue points.
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the surface of Fraser River Delta tidal flats and marshes
(Boyd, 1995; Williams and Hamilton, 1995; Hill, 2006).
In relatively deep water, a wave propagating landward
tends to become taller as it moves into shallower water
(shoaling). However, in relatively shallow water, bed
friction and sediment entrainment attenuates wave
heights as they propagate landward (Le Hir et al.,
2000). At these water depths, representative of the upper
reaches of tidal flats, attenuation due to bed friction is
smaller when tides are high. Therefore, waves generally
reach maximum heights during spring high tides.
Following Le Hir et al. (2000), the maximum typical
height of a wave in shallow water, H, is proportional to
the depth of water, h, between the bed surface and sea
level:

H ¼ g⁎h: ð3Þ
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Measurements of wave height and water depth typi-
cally indicate γ ∼0.15 on tidal flats (e.g. Wells and
Kemp, 1986; Le Hir et al., 2000). Similar values were
measured on the Fraser River Delta flats from December
2003 through February 2004 (Houser, 2007 personal
communication). This relationship is determined by
continuously measuring wave heights at a single point
in space over a period of time, typically including at
least one spring-neap tidal cycle. While there is
considerable scatter for lower wave heights, the highest
waves for a given water depth exhibit a linear re-
lationship with depth. Therefore, this proportionality
yields the maximum wave height a tidal flat can ex-
perience at a given water depth. We use this temporal
relationship between water depth and wave height to
parameterize how wave heights dissipate as they move
into shallower water.

Following Friedrichs and Aubrey (1996), velocities
(U) at the bed of a mudflat in the model are related to
wave height,

U ¼ H
2h

ffiffiffiffiffi
gh

p
ð4Þ

where g is the gravitational acceleration. We then use:

sb ¼ qfwU 2

8
ð5Þ

where fw is a dimensionless friction factor (0.1), and ρ is
the density of water, to estimate bed shear stress (Dean
and Dalrymple, 1991). Fagherazzi and Furbish (2001)
relate erosion rates to bed shear stress as:

Erosion rate ¼ ½m⁎ðsb � scÞ=sc�⁎d: ð6Þ

For cohesive mud, Fagherazzi and Furbish (2001)
suggest that m is a constant (0.0014 kg m−2 s−1) and τc
represents a threshold shear stress (0.4 N m−2) below
which no erosion occurs. We acknowledge that vege-
tation attenuates wave heights and increases the shear
strength of sediments. In this initial modeling exercise
we do not account for these details but will incorporate
them into more elaborate versions of the model in the
future.

Furthermore, we calculate only a maximum wave
height for each bed elevation in the model domain, and
assume that this wave height is the most effective one
for erosion. Therefore, we multiply the erosion rate by a
dimensionless parameter, δ, to represent both the effect
of smaller waves and the intermittency of large waves
(δ∼100, see Appendix A).
3.5. Topographic smoothing and model time step

During each model iteration the net erosion and de-
position that takes place during a complete (12 h) tidal
cycle is calculated. We do not address temporal varia-
tions in sediment transport within a tidal cycle. At the
end of each iteration, we smooth the topographic bed
surface by calculating small fluxes of sediment that
move downslope due to gravity-driven processes (e.g.
topographic diffusion). The flux into each cell is pro-
portional to the slope to its neighbors, and inversely
proportional to biomass productivity, reflecting the sta-
bilizing character of plant roots (Kirwan and Murray,
2007). All changes in bed elevation and productivity are
calculated at the end of each iteration and, assuming 2
tidal cycles per day, multiplied by 120 to give a model
time step of 2 months. We therefore do not consider
daily or seasonal variation in tide height or sediment
transport, consistent with our goal of exploring the basic
responses of marshes to long-term sea level change.

3.6. Model calibration

Water depths at one location on an intertidal surface
remain constant when the net accretion rate (deposition
minus erosion) equals the sea level rise rate. For a given
rate of sea level rise, Morris et al. (2002) explains that
this equilibrium water depth is a function of the sedi-
ment supply and biomass productivity. Morris et al.
(2002) used fertilization experiments and a 20 yr record
of productivity to parameterize the local relationships
between water depth, deposition, and productivity in
their South Carolina salt marsh. In the absence of such
long-term data at Westham Island, we use knowledge of
the intertidal surface topography, and an assumption that
portions of the intertidal surfaces are nearly in equi-
librium with long-term rates of sea level rise, to solve
Eqs. (1) and (6) in order to estimate the deposition and
erosion related parameters (Appendix A).

In an effort to determine whether we have incorpo-
rated the most important processes and chosen reason-
able parameter values, we modeled the development of
intertidal surfaces under the historic rate of sea level rise
and compared it to the observed modern topography.
The model simulation began with an arbitrary surface of
constant slope (Fig. 4). Rapid deposition in the upper
portions of the marsh caused water depths to shallow
towards the high marsh equilibrium depth. Erosion rates
that increased with depth led to a concave profile in the
lower marsh and tidal flats. Progradation of the marsh
surface was greatest near the major channels, reflecting
a spatially variable suspended sediment concentration.
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Although the model cannot capture small-scale hetero-
geneity in the marsh and flat morphology, modeled
elevations generally resemble measured elevations
(Fig. 4). These similarities suggest that despite a number
of simplifying assumptions, we have captured the es-
sential characteristics of the most important processes
acting on Westham Island.

4. Model experiments

Using the LIDAR determined elevations as an initial
topographic surface, we modeled the response over
100 yr of Westham Island to several sea level scenarios
summarized in the Intergovernmental Panel on Climate
Change report (IPCC, 2001; IPCC, 2007). We used the
lowest and highest sea level scenarios from the full
range of all AOGCMs to force our “low” and “high” sea
level experiments, and the IPCC (A1F1) scenario to
force our “median” sea level experiment (IPCC, 2001).
Fig. 5. Maps of bed elevations (a) and vegetation zones (b) modeled in respon
For each scenario, we estimated sea level positions at
2000, 2030, 2050, and 2100 and interpolated a linear
rate of rise in between these years (Fig. 8). Sea level
positions were visually estimated from Figure 11.12 in
the IPCC, except for the positions at 2100 which are
reported in the text (IPCC, 2001). More recent synthesis
suggests nearly identical rates of sea level rise (IPCC,
2007), though projections of extreme sea level rise
resulting from rapid changes in ice flow were not in-
cluded (e.g. Alley et al., 2005; Vaughan, in press). Sea
level predictions listed in the IPCC begin in 1990. Since
our simulations begin from 2000, we subtract the IPCC
sea level position at 2000 prior to determining any future
sea level position or rate of rise.

While the IPCC scenarios forecast eustatic sea level
change, processes including glacial rebound, tectonic
uplift, and subsidence may influence local, relative sea
level rise rates (e.g. Long and Shennan, 1998). In par-
ticular, approximately eight episodes of rapid marsh
se to median sea level rise scenario adjusted for local rate of subsidence.
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submergence, associated with seismic events, have oc-
curred in the last 5000 yr elsewhere in the region (e.g.
Long and Shennan, 1998). We assume these episodes
occur on a longer time scale, and do not account for
them in our estimates of next-century sea level rise.
Moreover, Late Holocene estimates of eustatic sea level
rise of∼1 mm/yr (e.g. Donnelly et al., 2004), are similar
to both historical rates at nearby tidal gauges (Fig. 2),
and long-term sea level reconstructions from elsewhere
in the region (Long and Shennan, 1998), suggesting that
eustatic projections are generally applicable to this area.
Recent high-precision GPS measurements and geodetic
leveling suggest the land surface of the delta is subsiding
1–3 mm/yr (Mazzotti et al., 2006). Therefore, we pair
eustatic model simulations with experiments in which
we add 2 mm/yr to the sea level forecasts to represent
local, relative sea level rise. These paired experiments
allow us to model the response of a marsh to both
Fig. 6. Maps of bed elevations (a) and vegetation zones (b) modeled in respo
relative and eustatic sea level change, and provide some
measure of model sensitivity to sea level rise rates.

5. Results

The marshes and tidal flats of Westham Island
deepened in response to median and high sea level rise
scenarios (Figs. 5a, 6a). Accretion tended to increase the
elevation of the high marsh, but not as rapidly as the rate
of sea level rise. Wave erosion tended to decrease the
elevation of low marshes and tidal flats, resulting in water
depth increases that were greater than the rate of sea level
rise. Deepening bed surfaces caused marsh zones to
migrate landward, with low marsh vegetation replacing
transitional zone vegetation, and transitional vegetation
replacing high marsh vegetation (Figs. 5b, 6b). The dyke
along the marsh's landward boundary prevented high
marsh vegetation from migrating landward.
nse to high sea level rise scenario adjusted for local rate of subsidence.



Fig. 7. Response of vegetation to 100 yr of sea level rise. Top graph
shows response to median sea level scenario adjusted for local sub-
sidence rate, bottom graph shows response to high sea level scenario
adjusted for local subsidence rate. Heavy solid line denotes total annual
productivity atWestham Island. Dotted lines denote the area of surfaces
covered by high, low, and transitional marsh vegetation.
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The majority of marsh converted to open water was
in the low marsh fringe where wave erosion rates were
high. Virtually the entire discontinuous low marsh
fringe converted to open water, even at median sea level
scenarios. Conversely, marsh tended to persist, even at
the highest rates of sea level rise, near channels where
initial topography and suspended sediment concentra-
tions were high. These marshes did lose elevation rela-
tive to sea level, indicating that suspended sediment
concentrations and rapid vegetation productivity in the
high marsh were insufficient to offset accelerating sea
level rise. Consequently, transitional zone marsh vege-
tation replaced large areas of high marsh vegetation near
the channels.

At relatively low rates of sea level rise, accretion
exceeded sea level rise, leading to progradation of the
bed surface, and expansion of the marsh onto previously
unvegetated tidal flats. Under most sea level scenarios,
progradation was limited to the first 10 yr of sea level
rise (Fig. 7). However, in the low eustatic scenario (i.e.
without subsidence), progradation resulted in long-term
net expansion of the high marsh and transitional zones,
despite 100 yr of sea level rise (Table 1).

5.1. Low sea level scenarios

Under low sea level rise scenarios, the water depth
averaged across all Westham Island surfaces was ap-
proximately unchanged despite 100 yr of sea level rise.
The total area covered by high marsh vegetation was
similarly relatively stable. Transitional zone vegetation
expanded primarily in the seaward direction (though
also slightly landward) by a total of 6–10%. Low marsh
vegetation decreased by 1–15% (1% without local sub-
sidence effects, 15% when subsidence is included), the
majority of which was lost due to submergence of the
bed surface rather than replacement by the seaward
expansion of transitional zone marsh. (We do not in-
clude figures of elevation and vegetation change be-
cause their responses were so slight.)

5.2. Median sea level scenarios

Under median sea level rise scenarios, mean water
depth atWestham Island increased by about 35–55 cm in
response to a total sea level change of about 45–65 cm by
the year 2100. Deepening resulted in a loss of intertidal
area covered by vegetation of about 20% (800,000 m2

for median scenario without subsidence). High marsh
vegetation coverage decreased 25–50% and low marsh
vegetation decreased by 30–35% (Table 1, Fig. 7).
Transitional zone marsh vegetation migrated landward,
expanding the area of intertidal surfaces covered by
transitional vegetation by about 10–20%. A total of
800,000 m2 of initially low marsh was converted to open
water (Appendix B). Since the area of low marsh con-
verted to open water closely resembles the total amount
of vegetated area lost, we conclude that loss of vegetated
surfaces took place entirely in the low marsh zone.

5.3. High sea level scenarios

Under high sea level rise scenarios, mean water depth
increased by about 70–90 cm in response to a sea level
change of about 80–100 cm. Deepening resulted in a
30–35% loss of vegetated area, nearly all of which
occurred on surfaces previously covered by low marsh
vegetation. The area covered by high marsh vegetation
declined 75–95%, with remaining patches of high
marsh vegetation restricted to isolated areas with ex-
tremely high initial elevations (Fig. 6). The high marsh
was replaced by transitional zone vegetation which



Table 1
Changes to Westham Island after 100 yr of sea level rise

Scenario Low Low⁎ Med Med⁎ High High⁎

Sea level rise (m) .079 .276 .454 .651 .839 1.036
Depth change (m) − .026 .165 .338 .534 .719 .915
Total biomass (% change) 5 −6 −16 −25 −35 −46
Vegetated area (% change) 4 −6 −16 −23 −30 −36
High marsh 4 −9 −24 −47 −76 −97
Transition 10 6 10 23 45 55
Low marsh −1 −15 −31 −35 −34 −33
Vegetated area (change, m2) 213,375 −310,975 −812,975 −1,211,275 −1,525,800 −1,846,425
High marsh 82,500 −214,200 −558,800 −1,109,325 −1,779,775 −2,270,825
Transition 147,400 92,650 150,375 352,975 685,050 845,600
Low marsh −16,525 −189,425 −404,550 −454,925 −431,075 −421,200

Asterisks denote sea level scenarios adjusted for local rates of subsidence. Depth change measures the increase in high-tide water depth above the
depth of the bed (positive numbers denote increase in water depth). Losses in total biomass or vegetated area denoted by negative numbers.
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expanded its coverage by 45–55%. Loss of vegetated
surface area took place exclusively in the low marsh,
and surfaces initially covered by transitional and high
marsh vegetation remained vegetated.

In all median and high sea level scenarios, low marsh
was able to migrate landward. However, net loss of low
marsh indicates that, on average, seaward erosion out-
paced landward migration of the low marsh zone (see
Appendix B for details). The 100 yr loss of low marsh
vegetation is equivalent under high and median sea level
scenarios, while the loss of total vegetated area is much
greater under high sea level scenarios. This indicates
that the seaward edge of the low marsh must migrate
faster under high sea level rise rates. During the highest
rates of sea level rise (the last 40 yr of the high scena-
rios), the area of low marsh does not change indicating
that seaward and landward edges migrate at the same
rate.

5.4. Synthesis of response to different sea level scenarios

Loss of vegetated area and loss of total biomass
productivity generally mimic each other (Table 1) in-
dicating that the majority of productivity lost was due to
conversion of low marsh to open water. While less
productive transitional zone vegetation did replace more
highly productive high marsh vegetation, and low marsh
replaced transitional marsh, this process only minimally
affected total biomass production. Only in the highest
sea level scenarios did deepening of marsh zones appear
significant, resulting in a decrease of total productivity
by an additional 5–10% after 100 yr.

The rate of change of bed surfaces and the vegetation
that colonizes them is not constant through time. Sea
level accelerates through time, and patterns of vegetation
change generally follow that acceleration. For example,
high marsh vegetation loss and transitional vegetation
expansion is more rapid after 2050 (Fig. 7). Low marsh
vegetation zones expand seaward for the first 10 yr and
then erode at progressively higher rates until about 2050
or 2060, depending on the sea level scenario. For the next
20 yr the rate of low marsh loss begins to stabilize, and
the total area of low marsh remains constant after about
2070–2080. The total area of surfaces covered by vege-
tation follows a similar temporal pattern (Fig. 8). The
loss rate of vegetated area increases immediately fol-
lowing sea level rise rate increases at 2030 and 2050, and
then begins to stabilize after about 2060. In the median
sea level scenario, biomass productivity mimics total
vegetated area throughout the 100 yr simulation (Fig.
8a). In the high sea level scenario, however, the amount
of productivity lost diverges from the amount of
vegetated area lost after 2060 (Fig. 8b). More specifi-
cally, the loss rate of biomass productivity continues to
increase, even though the loss rate of vegetated area
remains constant or slows slightly. The tendency for less
productive vegetation, characteristic of lower surfaces,
to replace highly productive vegetation, characteristic of
shallow surfaces, explains this divergence. The diver-
gence is only apparent at the end of the most rapid sea
level scenarios where the total area of vegetated surfaces
is low and the rate of zone migration is high.

6. Discussion

In this initial exploratory model, we have intention-
ally treated a number of biological and sediment trans-
port processes in highly simplified ways. This approach
allows simulation over large spatial and temporal scales,
and tends to maximize the clarity of results, but is not



Fig. 8. Response of vegetation to 100 yr of sea level rise. (a) Response
to median sea level scenario adjusted for local rates of subsidence.
Fraction of vegetated area lost (solid line, square markers) closely
resembles fraction of biomass productivity lost (dotted line, circle
markers). Both vegetated area and biomass productivity begin to
stabilize after about 2060. (b) Response to high sea level scenario
adjusted for local rates of subsidence). Fraction of vegetated area lost
closely resembles fraction of biomass productivity lost until about
2060. After 2060, the vegetated area begins to stabilize, but the rate of
loss biomass productivity continues to increase.
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necessarily appropriate for making precise and detailed
predictions (Murray, 2003). For example, we measured
biomass productivity across a spatial gradient to formu-
late how biomass productivity will respond to temporal
changes in water depth. In reality, factors other than
water depth affect productivity along the spatial gra-
dient. Our simplified treatment of wave attenuation will
not likely predict quantitatively accurate wave-induced
water velocities. Instead, we rely on the dimensionless
parameter, δ, to obtain realistic erosion rates. The ac-
curacy of both depositional and erosional parameter
values depends on the ability to select accurate equi-
librium depths from the marsh topography. In reality,
intertidal surfaces today are likely evolving towards new
equilibrium depths due to sediment diversion, vegeta-
tion disturbance, and possible relative sea level rise rate
change. Equilibrium depths, even if they could be iden-
tified more reliably, may partially reflect modern con-
ditions rather than the long-term conditions we assume
the marshes and flats developed under. Our model re-
sults should then be interpreted as a preliminary explo-
ration of how broad morphology and vegetation patterns
respond to future sea level scenarios rather than detailed
quantitative predictions.

Despite a number of simplifying assumptions, our
model produces topography similar to that measured by
LIDAR. Modeled behavior also agrees qualitatively
with behavior observed in the geologic record. For ex-
ample, Williams and Roberts (1989) demonstrated with
stratigraphic cross sections and radiocarbon analysis
that the Fraser River Delta prograded seaward through-
out its 9000 yr history, even during periods of sea level
acceleration and moderately high rates of sea level rise.
In their sediment cores, marsh and tidal flat facies
overlie coarser sands across the entire delta, suggesting
that the delta responded to increased rates of sea level
rise with a depositional regression rather than a marine
transgression. In the early stages of all our model simu-
lations, and throughout the slowest sea level scenario,
we similarly observe a prograding delta and seaward
regression of marsh zonation.

Marshes on Lulu Island, which neighbors Westham
Island to the North, accreted at an average rate of 2.6–
8.5 mm/yr between 1964 and 1991 (Williams and
Hamilton, 1995). Given a subsidence rate of 2 mm/yr
and a sea level rise rate of about 1 mm/yr, this suggests
that the marsh generally maintained or increased its
elevation relative to sea level since 1964. While vertical
accretion rates that exceed relative sea level rise rates do
not necessarily indicate lateral delta progradation (the
marsh could simply build in the vertical direction), they
do indicate that this part of the delta did not transgress
landward since 1964. Either way, these historical
accretion rates are generally consistent with our model
prediction that marine transgression and landward
migration of vegetation zones will not occur under pre-
sent day conditions or slow future sea level scenarios.

Because the high accretion rates on Lulu Island are
long-term averages, it is possible that accretion has been
slower than relative sea level rise in recent years, and
that intertidal surfaces have deepened. Williams and
Hamilton (1995) suggest that accretion rates have de-
clined. For example, low marsh accretion rates were
6 mm/yr between 1954–1964, and only 3 mm/yr from
1964–1991 (Williams and Hamilton, 1995). Short term
measurements of bed surface elevation (1990–1992)
indicate that where low marsh vegetation is disturbed by
geese, the bed is actually eroding (as opposed to slow
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accretion) by about 1 cm/yr (Boyd, 1995). Large pedes-
tals of marsh are surrounded by unvegetated tidal flats at
both Lulu andWestham Islands. Given that the pedestals
are on the order of 50 cm high, and given that the
surrounding surfaces disturbed by geese erode at 1 cm/
yr, we estimate that the pedestals formed within approxi-
mately the last 50 yr. These geomorphic and strati-
graphic observations suggest that deepening of tidal
surfaces on the Fraser River Delta are a recent phenom-
ena. If sea level accelerates according to the IPCC future
scenarios, then our model predicts a marine transgres-
sion and landward migration of vegetation zones that is
historically unprecedented, at least in this region.

The dyke along the upper border of the high marsh
prevents vegetation from migrating landward with sea
level acceleration. While our model experiments suggest
that the high marsh will largely maintain its position
under slow sea level scenarios, transitional zone vege-
tation migrates landward under median and high sea
level scenarios, resulting in loss of high marsh. Because
the lower extent of the low marsh moves landward in all
IPCC scenarios, migration of vegetation zones results in
a net loss of marshland. If the high marsh were able to
expand into higher elevations at a rate (area/yr) equal to
the rate of low marsh converted to open water, then the
total marsh area (and approximately the total biomass
productivity) would maintain an equilibrium with sea
level. However, under the median sea level scenario,
800,000 m2 of low marsh converts to open water while
losses of high marsh approximate 550,000 m2. If in the
absence of a dyke, high marsh vegetation were displaced
(i.e. migrating landward) rather than replaced by transi-
tional zone vegetation, marsh loss would still total about
250,000 m2. Therefore, our model simulations suggest
that the dyke is responsible for 70% of marsh loss under
the median sea level scenario. Under more rapid sea level
scenarios, high marsh vegetation migrates more rapidly
than the rate at which low marsh converts to open water,
suggesting that migration in the absence of a dyke would
make up for marsh lost at the seaward edge.

Because the IPCC scenarios predict an increasing
rate of sea level rise, and because relationships between
sea level and vegetation are nonlinear, there is con-
siderable temporal variability in vegetation patterns. For
example, rates of change are generally greater after
2050, suggesting that predictions based on short term
model simulations and field measurements made in the
next decades may underestimate change. On the other
hand, specific components of the system (i.e. the rate of
low marsh loss) may stabilize in the long-term, leading
to overestimations of change in these parts of the system
that are based on short term observations. Our model
simulations indicate that trends in vegetated area and
total biomass productivity generally mimic each other at
Westham Island under low rates of sea level rise, but
diverge at higher rates after 2060. This suggests that
observations of a stable vegetated area would potentially
neglect a loss of productivity at high rates of sea level
rise. Existing numerical models that simulate how a
specific marsh landscape responds to sea level change
have been run approximately 20–50 yr into the future
(e.g. Reyes et al., 2000; Martin et al., 2002). Our model
simulations predict that important changes in behavior
take place after about 2050, suggesting that predictions
based on short term modeling and future field measure-
ments may not adequately represent long-term behavior.

7. Conclusions

Simplifying assumptions and poorly constrained
parameter calibration clearly make this an exploratory
type model, not well suited for making precise, quan-
titative predictions about the response ofWestham Island
to future sea level scenarios. However, the incorporation
of several key processes and the ability to simulate long-
term behavior allow the model to provide several funda-
mental insights into the response of marshes and tidal
flats to sea level rise:

1. Under present day and slow future sea level sce-
narios, the marshes at Westham Island should be
able to maintain their morphology and vegetation
characteristics.

2. Our model predicts that under more rapid scenarios
of future sea level rise, vegetation will migrate land-
ward and lead to a loss of biomass productivity, with
greatest rates of loss occurring far from channels.

3. The reduction in biomass productivity is almost
entirely due to loss of vegetated area, though replace-
ment of highly productive vegetation with less pro-
ductive vegetation is significant under more rapid
scenarios of sea level rise.

4. The inability of marshes to migrate beyond the dyke
accounts for most of future marsh loss under median
sea level scenarios.

5. Several important changes in marsh behavior take
place after about 2050, suggesting that predictions
based on short term observations may not accurately
reflect long-term behavior.
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Appendix A. Model calibration

Expansive marsh platforms with high and topogra-
phically flat elevations characterize the Westham Island
marshes near channels. These characteristics, combined
with observations of general channel and platform edge
stability in historical photographs, suggest that this
portion of Westham Island is close to being in equili-
briumwith sea level. These marshes generally have a well
defined marsh platform with an elevation of about 1.7 m
above mean sea level (see profile B, Fig. 4). Measure-
ments taken during a spring high tide suggest maximum
water depths of about 0.3 m above the high marsh
platform. If we assume the broad platform represents an
equilibrium surface, and assume negligible wave erosion
in the high marsh, then the deposition rate must equal the
long-term sea level rise rate at a water depth of 0.3 m. Eq.
(1) may then be solved to estimate parameters q and k2.

Deposition rate ¼ ðqþ k2⁎BÞ⁎h: ð1Þ

In the late Holocene, eustatic sea level rose about
1 mm/yr, roughly consistent with local short term tidal
gauge records (i.e. Fig. 2). Since biomass productivity in
the high marsh equals ∼600 g m−2 yr−1, Eq. (1)
becomes:

1E� 3 m yr�1 ¼ ½qþ ð600 g m2yr�1⁎k2Þ�⁎0:3m:

Rearranging yields k2=(.0033 yr−1−q) /600 g m−2

yr−1. Of these two remaining variables, k2 probably varies
most as a function of local conditions and vegetation type,
while q can be roughly estimated using local measure-
ments. Following Morris et al. (2002), the value of q
depends on the suspended sediment concentration, SSC,
which Kirwan and Murray (2007) expressed as q=k1⁎

SSC where k1=9E−5 m3 g−1 yr−1. The Vancouver Port
Authority (2005) reports suspended sediment concentra-
tions at 10monitoring sites, measuredmonthly during high
tides fromMay–October, 2004, on the tidal flats along the
FraserRiverDelta.Near themajor channels, concentrations
are on the order of 10 g m−3 yielding q=9E−4 yr−1, and
k2=4.05E−6 m2 g−1. Despite a number of assumptions
and lack of long-term measurements, our estimate of k2
resembles Morris et al.'s (2002) estimate of 1.5E−5 m2

g−1 based on long-term field experiments. Differences in
vegetation type and physical characteristics of the two
locations likely explain the difference.
The Westham Island tidal flats generally become
topographically level at an elevation of about 1 m below
mean sea level (∼3m spring high tidewater depth). Using
similar methods, we can estimate the value of δ if we
assume that tidal flats at depths of∼3m represent another
equilibrium surface. In this case, deposition must balance
the effects of sea level rise and erosion in order to achieve
equilibrium. Therefore the long-term erosion rate equals
the deposition rate minus the sea level rise rate:

½m⁎ðsb � scÞ=sc�⁎d ¼ ½ðqþ k2⁎BÞ⁎h�
� 1E� 3 m yr�1:

Biomass productivity (B) at 3 m depth equals zero,
yielding deposition=3⁎q or 2.7E−3 m yr−1. Therefore,
the long-term erosion rate of waves eroding the bed at a
depth of 3 m must equal 1.7E−3 m yr−1 (2.7E−3 m
yr−1−1E−3 m yr−1). When h=3.0 andH=1.0, [m⁎ (τb−
τc) /τc]=1.4E−5 m s−1, representing a short-term erosion
rate for large waves. To achieve long-term erosion rates
that maintain equilibrium water depth, the dimensionless
parameter, δ, must equal ∼100.

Appendix B. Result details

B.1. Median sea level scenarios

In the model, we do not directly calculate the area
of low marsh converted to open water. Instead, we
determine the area of low marsh converted to open water
by a series of calculations involving the change in area of
the various vegetation zones. For example, if low marsh
was unable to migrate landward, transitional marsh cov-
erage would be expected to expand by an amount equal
to the loss of high marsh. However, high marsh loss
totaled ∼550,000 m2 while transitional marsh expanded
only 150,000 m2 (Table 1). Therefore, 400,000 m2 of
surfaces initially covered by transitional vegetation must
have been replaced by low marsh migrating landward.
Surfaces covered by low marsh constricted 400,000 m2,
meaning that a total of 800,000 m2 of initially low marsh
must have been converted to open water (low marsh
converted to open water= initial low marsh− (final low
marsh−created lowmarsh)). Since the area of lowmarsh
converted to open water closely resembles the total
amount of vegetated area lost, we conclude that all loss
of vegetated surfaces took place in the low marsh.

B.2. High sea level scenarios

The area covered by high marsh vegetation declined
by 1,800,000–2,200,000 m2. The high marsh was
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replaced by transitional zone vegetation which expand-
ed its coverage by 690,000–890,000 m2. Low marsh
therefore replaced about 1,100,000–1,300,000 m2 of the
transitional zone vegetation. Since the total area of low
marsh declined 410,000–430,000 m2 (Table 1), approx-
imately 1,500,000–1,700,000 m2 of low marsh must
have converted to open water.
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