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CHAPTER | — INTRODUCTION

HUMAN PRESSURES
AND RESTORATION ECOLOGY
IN ESTUARIES

In Western Europe, humans are known to have
settled and used natural resources in estuarine areas
at the latest during the Neolithic (Baldwin et al.
2009). These arcas were propitious to hunting and
fishing, and later to agriculture after drying marshes
which offered highly fertile grounds. The
civilization led to trade and exchanges through
water bodies where ports provided access from the
sea to rivers. This resulted in an expansion of cities
and port facilities, and concomitant land
reclamation along estuaries. Reclamation consists
in enclosing an intertidal area by dikes; such a
construction, lying below the mean high water
level, is commonly called “polder”. Since the
beginning of the first millennium, 15 000 km? of
marshes have been polderized in Europe (Goeldner-
Gianella 2007). Although land reclamation for
agriculture and residential extension stopped during
the twenticth century, coastal landscapes have been
profoundly modified since. The intensification of
economic exchanges engenders a still growing
industrialization and denaturation of estuaries.
Additionally to land reclamation for industry,
navigation and flood protection have required
estuarine  channel  deepening and  dike
reinforcement. This results in narrowing and
deepening of the estuarine corridor within which
the floodwater volume, called tidal prism,
engenders an increased tidal energy. Nowadays,
this funnel effect is exacerbated by see level rise
consequent from climate changes giving rise to
further coastal squeeze (Pethick 1993; Doody
2004): rising seas narrow shorelines and increase
pressures in areas where sea walls protect
agricultural and residential areas.

Strong alterations of estuarine ecosystems arise
from such pressures and dramatic consequences
from a human perspective. Indeed, more than one
third of the world’s human population resides on
the world’s coasts, which account for only 4 % of
the land surface (United Nations Environment
Programme, 2006) since coastal ecosystems
provide more services to human populations than
any other environment (Costanza ¢t al. 1997). In the
most anthropized estuaries, human impacts have
depleted a large part of formerly important species
and have directly and indirectly degraded water
quality by release of agricultural and industrial
toxicants (Lotze ¢t al. 2006). Whereas these
estuaries used to provide a wide panel of essential
resources such as food even a century ago, they
became the theatre of an unsustainable economy

pervasively globalized (Vitousek et al. 1997),
where physical and chemical impacts prevent to
benefit from natural estuarine potentials.

Facing an increasing cost of these adverse
pressures, irreplaceable services remain present in
estuaries (Barbier et al. 2011). By reworking and
recycling the large amounts of sediments and
associated nutrients from riverine inputs, a natural
estuarine functioning ensures one of the most
valuable services to human populations occupying
coastal areas. Estuaries regulate excess nitrogen
and phosphorus and buffer their pervasive effects
such as toxic algal blooms and eutrophication
(Jickells 1998). The quality of released waters to
coastal seas conditions productivity and
sustainability of fisheries and associated
economical activities in marine environments. In
this context, restoring and preserving estuarine
environments is especially  justified since
concentrations of major nutrients such as nitrogen
and phosphorus have been doubled by human
activities. Physically, a preserved estuarine
morphology and habitats ensures storage capacity,
reduces wave energy and mitigates storm surges
(Townend and Pethick 2002), as particularly
evidenced after recent human disasters in coastal
zones (King and Lester 1995; Adger et al. 2005;
Danielsen et al. 2005). More widely, estuarine
habitats offer resources to numerous plant and
animal species which stabilize and regulate
material fluxes, contribute to water purification,
and among which many exhibit economic or

conservation value. Therefore, estuaries are
particularly important for integrating sound
ecological management  with  sustainable

economics (Meire et al. 1995). In recent years,
different studies provided baselines on the extent
of  historical degradation and vision for
regenerating essential functions of estuaries with
regard to international preoccupations and
directives which emerged at the end of the
twenticth century (Neckles et al. 2002; Cooper et
al. 2004; Lotze et al. 2006; Gedan et al. 2009;
Barbier et al. 2011).

THE SCHELDE ESTUARY

In northwestern Europe, the Schelde estuary is one
of the largest riverine openings on the North Sea
coast. At the continental scale, despite a small
river catchment of 21 863 km?, the estuary extends
on a relatively large surface arca of 3 872 km?
stretched along 235 km of the main river and its
tributaries, encompassing 44 km? of tidal
freshwater surface. Combined with a macrotidal
regime, this induces a long residence time ranging
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CHAPTER 2

A NEW TECHNIQUE FOR TIDAL HABITAT RESTORATION:
EVALUATION OF ITS HYDROLOGICAL POTENTIALS

Olivier Beauchard', Sander Jacobs"?, Tom J.S. Cox"*, Tom Maris', Dirk Vrebos!,
Alexander Van Braeckel®, and Patrick Meire'

YWniversity of Antwerp, Ecosystem Management Research Group,
Universiteitsplein 1, 2610 Wilrijk, Belgium
*Flanders Hydraulics, Berchemlei 115, 2140 Antwerpen, Belgium
*Netherlands Institute of Fcology (NIOO-KNAW), Centre for Estuarine and Marine Ecology,
POB 140, 4400 AC Yerseke, The Netherlands
‘Research Institue Jfor Nature and Forest, Kliniekstraat 25, 1070 Brussel, Belgium

Abstract. The inability to create an adequate tidal regime in embanked arcas is a major problem for
restoring estuarine habitats. The Controlled Reduced Tide system (CRT) was previously hypothesized to
overcome this constraint. As part of an estuarine management plan which combines flood protection and
tidal habitat restoration, the first CRT system was implemented in the freshwater zone of the Schelde
estuary (Belgium). Based on four years of high-frequency monitoring on the first CRT and the adjacent
estuary, this study demonstrates the hydrological functionality of CRT. The tidal characteristics generated
by this technique were suitable on the short and on the long term, with a reproduction of the spring-neap
tidal cycle. In both CRT and estuary, the spatial and temporal variability of several hydrological descriptors
were comparatively analysed. In spite of some hydrological deviations from the estuarine pattern, nothing
precluded a suitable ecosystem features in CRT. The potential influences of CRT-specific hydrology on
ecology and estuarine restoration are discussed. The restoration potential of the CRT system is shown to be
particularly relevant for tidal marshes in early succession stage, habitats which are often lacking in
embanked estuaries. Additionally, it offers a more robust and adaptable alternative to other systems.

Conclusively, the CRT system should be more advocated in estuarine restoration.

INTRODUCTION

The worldwide extent of tidal marshes has greatly
decrecased, primarily due to large scale
embankments for agriculture, industrial and urban
developments. More recently, the combination of
increasing sea level and the maintenance of hard
defences has caused coastal squeeze (Doody 2004):
tidal marshes, that would normally retreat
landwards to maintain overall extent, encounter
solid structures and arc ecroded, while marsh
reformation is prevented, leading to further habitat
loss. In the Schelde estuary (Belgium), coastal
squeeze has resulted in a typical morphological
profile of intertidal marshes: climax marshes
boarded by eroded cliffs and non-vegetated sand- or
mudflats. Over the last century, this engendered a
loss of 16 % of the total surface of tidal marshes
(Meire et al. 2005; Van den Bergh et al. 2005), and
the remaining ones remain subject to erosion.
Managed realignment is a technique which is
increasingly used to restore tidal habitats (Burd
1995). This technique, which consists of the
removal or breaching of dikes to restore tidal

influence to formerly reclaimed land, is
extensively reviewed in French (2006). Elevation
is a key factor for selecting suitable site and
planning managed realignment as it relates
directly to frequency, height and duration of tidal
inundation, which are the main drivers of
sedimentation pattern and vegetation development
(e.g. Brooke 1991; Cundy et al. 2002; Teal and
Weinstein 2002). However, many embanked sites
have a lower elevation than tidal marshes in the
adjacent estuary, on the one hand due to
subsidence by compaction of the sediments and
mineralization of peat layers, on the other hand
due to continued sedimentation in the estuarine
marshes, following sea level rise (Temmerman et
al. 2003; Teal and Weishar 2005). This typically
leaves them below the levels of contemporary
marshes and rules out many potential sites for
realignment. Indeed, realignment would result in a
complete flooding of the site at every tide, leading
to bare flats. Hence, it is not certain whether and
how fast they could evolve to a vegetated marsh
system. Vegetated tidal marshes, in particular the
natural succession gradient from pioneer herbs to
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CHAPTER 2 — A NEW TECHNIQUE FOR TIDAL HABITAT RESTORATION:
EVALUATION OF ITS HYDROLOGICAL POTENTIALS

Tab. 2. Wilcoxon signed-rank tests on the paired coefficients of variation of each hydrological descriptor. Wilcoxon V
is computed based on the difference of the ranks in estuary minus the ranks in CRT. *, p <0.05; ** p <0.01.

Acg:(lli(;(;(;ing High water level Tide duration Longest flooding  Longest drought
Mean coefficient Estuary 121 17.3 11.4 235 235
of variation CRT 16.3 20.0 20.0 72.6 35.5
Wilcoxon 7 8 * 5 * 8 * 0 ** 7*

of the flooding frequency in both systems (Fig. 7).
On the average, Wilcoxon tests revealed
significantly higher coefficients of variation in the
CRT (Tab. 2). Except for the longest drought, all
cocfficients of wvariation decreased along the
gradient. Longest drought was more stable at mid
flooding frequencies and more unpredictable at the
extremes of the gradient. Whereas it varied within a
couple of hours in the estuary at low clevation, it
could reach 1.5 day in the CRT. At high elevation,
it ranged between circa 15 and 60 days.

A higher variability in actual flooding
frequency occurred at high elevation in the CRT,
whereas flooding duration was more variable in the
CRT at low elevation. Indeed, low -clevations
experience all the range of tides unlike high
elevations which are flooded only around spring
tides. This explains the nature of CRT in amplifying
the spring-neap cycle as previously observed (Fig.
3C and 3D). This amplification is frequency-
dominated at high elevation (flooded only at spring
tide) and duration-dominated at low elevation (all
tides from neap to spring).

DISCUSSION

After four years of hydrological monitoring,
empirical evidence confirms that the CRT system
ensures an adequate tidal regime for tidal marsh
restoration in lower areas adjacent to the estuary.
Additionally, the flexible adjustment of the inlet
culverts demonstrates the capacity of this system in
restoring a complete flooding gradient, despite the
overall lower elevation and the limited elevational
amplitude of the flood area (1.2 m here). However,
some deviances from references were observed
which might constrain ecological functioning.
Ecological relevance of such a success and potential
constraints are discussed below.

1. Successful introduction of a tidal regime
Our observations demonstrate that a relatively

simple model, as presented by Cox et al. (20006),
can provide sufficient guidance in the design of a
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CRT. This modelling study predicted tidal
characteristics based on water flow through
culverts and on a relationship between water
volume and water depth in the polder. These two
ingredients allowed simulations of the water level
dynamics in the CRT. This led to a well-informed
design of the inlet and outlet culverts of the CRT,
in order to maximize the potential for vegetation
development.

The introduction of a spring-neap cycle is
particularly important, as it drives many ecological
processes covering all ecosystem compartments.
Indeed, among other processes, the successive
wetting and drying phases over a spring-neap
cycle were demonstrated to pulse biogeochemical
cycles in gas emissions (Nuttle and Hemond 1988)
and in nutrients dynamics (Vordsmarty and Loder
1994; Hou et al. 2005), to facilitate plant
colonization and persistence (Fiot and Gratiot
2000), and even to regulate processes at the
highest trophic levels such as fish and birds
(Davidson and Evans 1986; Rosa et al. 2006;
Krumme et al. 2008). In addition, the delayed high
tide in the CRT (Fig. 3A) may offer temporally
extended habitat availability for birds, as already
highlighted in restored wetlands adjacent to an
estuary (Davidson and Evans 1986).

Water velocity is another important
hydrological aspect, but it was not considered in
this study because of its high variability and its
complex interactions with sediment morphology
from flats to crecks. In the estuary, the water
current speeds can reach 1 m/s (Flanders
Hydraulics Research, June 2009) whereas they
never exceed a couple of cm/s on the CRT flats
(field observations). Embankment and dredging
sustain a chronic shear stress in the remaining
intertidal flats of the freshwater zone where the
benthic communitics cannot evolve beyond a
pioneer stage (Seys et al. 1999). In CRT, the
reduced shear stress may increase the food
quantity and quality for the benthos at the
sediment surface, as already shown under low
water velocity in intertidal flats (Bock and Miller
1995). The formation of tidal flats and pioneer
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marshes in CRT provides the estuarine system with
rejuvenation processes which have been missing
(Meire et al. 2005). As such, CRTs can offer
opportunities to tackle hydromorphological impacts
of coastal squeeze in the estuary, which is now
degraded by sustained erosion of climax marshes
and prevented new marsh formation or landward
extension.

2. Sources of hydrological deviance

So far, CRT has been the sole technique which has
been proven to create a complete intertidal gradient
on a lowered arca. Although the seasonal dynamics
are well reproduced, the tidal characteristics in the
CRT system significantly differ in different ways
from the estuary. The ¢bb phase is relatively
prolonged by the limited size of the outlet culvert
which limits the discharge. The same holds for the
longest flooding events and their increased
variability, which, in winter time, result from storm
tides when the polder is filled through the spillway
at critical tidal levels. Hence, after a storm event at
spring tide (Fig. 2C), complete emptying of the
polder is prevented for a few successive tides,
resulting in inundations of up to four days at low
elevation.

At a given flooding frequency, hydrological
variability consists in seasonal variations and also,
to a lesser extent, in annual variations (see yearly
dephasings for each of the four seasons in Fig. 4B).
In winter, the extended water retention effect due to
storm tide is higher at low than at high elevation in
both systems. This explains the higher variability in
tide duration in the CRT at low elevations which
ranges from short residence time of small and
rapidly drained amounts of water (neap tide) to long
winter inundations (storm tide). In contrast, the
brevity of the flooding events at high elevation is
more constant in both systems. In the CRT, it is
accompanied by a higher variability of actual
flooding frequency due to reduced summer water
volumes, underlined by the seasonal variation in
water height. This induces scarcer and extended
flooding events (because of retention) during winter
storm tides. As a consequence, these complex
interplays between the hydrological descriptors
engender more variable durations of dry events at
the extremes of the flooding gradient in the CRT.

3. An ecologically negative deviance?

The described differences in hydrological
characteristics between the CRT and the estuary (in
mean and in variance) do not seem to inhibit the
development of intertidal habitats. Indeed, the plant

community development in this CRT was shown
to be consistent with existing reference tidal
freshwater marshes (Jacobs et al.  2009).
Moreover, wetland plants are known to be adapted
to anoxic stress (e.g. rhizomes, storage organs,
adventitious roots) and to overcome submergence,
from a few days to several weeks (Drew 1997,
Vartapetian and Jackson 1997). Some direct
observations support the innocuousness of long
submergence since some less tolerant species such
as Alisma plantago or Lycopus europaeus
(Vartapetian and Jackson 1997) abundantly occur
in this CRT (Jacobs et al. 2009). Although the
occurrences of reference species have confirmed
the potential for successful habitat creation at the
community level (Jacobs et al. 2009), one cannot
exclude an effect of prolonged flooding duration at
the population scale (Krauss et al. 2006). For
instance, this could be hypothesized concerning
the Himalayan Balsam (Impatiens glandulifera)
which is abundantly present in the estuarine
references, but still rare in the CRT.

Additionally, ongoing faunistic studies (under
review and in preparation) strengthen the relative
innocuousness of the prolonged inundations in the
CRT. In a nutshell, during the study period,
estuarine invertebrate communities successfully
developed in the CRT reaching higher densities
and taxa richness than in estuarine reference sites
(range in scasonal taxa richness: estuary, 4 — 9;
CRT, 12 — 19). Most of macroinvertebrates living
in frequently flooded zones (mainly aquatic
worms, aquatic insects and gastropods) are
adapted to aquatic conditions with branchial and
tegumentary respiration. In non-frequently flooded
zones, no significant change was observed in the
initial community, since most of the organisms
occurring here (i.e. carthworms, potworms,
myriapods, isopods, beetles) have various
physiological adaptations to overcome the lack of
oxygen under water up to several days (Hoback
and Stanley 2001; Schmitz and Harrison 2004;
Plum 2005, Plum and Filser 2005).
Comparatively, these taxa are typical for high
marshes in freshwater tidal zones of the North Sea
coast estuaries (Barendregt 2005).
Complementarily, 103 bird species have been
encountered, among which 55 are wetland
specialists.

Spatiotemporal heterogeneity of
environmental features is an  ecological
determinant often neglected. Indeed, from
disturbance (rare event, high order of magnitude)
to stress (frequent event, low to high order of
magnitude), environmental unpredictability is
recognized to regulate the functional diversity of
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to other realignment techniques — is flexible. The
design of the culverts is robust, straightforward and
very similar to the construction of classic
evacuation culverts. Adapting culvert thresholds or
day to day functioning does not require complex
mechanical or electrical automation, which avoids
malfunctions and decreases maintenance costs
compared to alternative systems with buoys or
water level detectors (Giannico and Souder 2005).
Depending on the local tidal characteristics, site
elevation and within-site topography, the inlet
culvert thresholds are fine-tuned to obtain desired
surfaces of mudflat, pioneer tidal marsh, or climax
tidal marsh, an aspect which has not been
adequately addressed (Hammersmark et al. 2005).
In the context of management, this system offers
the possibility to set back ecosystem succession by
a total flushing of the CRT with a complete opening
of the culverts. In order to avoid excessive water
accumulation during a storm in newly constructed
CRT'’s, outlet culverts are dimensioned so that no
retention effect is possible and the whole water
volume evacuates within one low tide (Fig. 8). This
provides a leeway to adapt more specifically the
hydrological regime if necessary for optimizing
ecosystem functions or changing conservation goals
while fulfilling the essential flood protection
measures (Meire et al. 2005; Broekx et al. 2010).

5. Conclusion

In accordance with earlier predictions, this study
demonstrates the functionality of the CRT system in
assuring a tidal regime on an arca lower than the
adjacent estuary. This system generates the

essential tidal periodicity required for estuarine
habitat creation. The combination of the
morphology and hydrology of the area offers a
physical templet suitable for marsh development,
particularly in an estuary undergoing coastal
squeeze. The few hydrological differences
highlighted in the CRT do not seem to impede the
development of a functional marsh as the
development of ecological aspects was previously
shown to be successful (Jacobs et al. 2008; Jacobs
et al. 2009).

Embankments have profoundly modified the
natural hydrology of estuaries, so that this
impaired integrity blurs the exact hydrological
requirements for marsh creation. The lack of
documented effects of hydroperiod heterogeneity
on intertidal habitats needs particularly to be
addressed in order to minimize restoration
uncertainties. Nevertheless, the design of the CRT
system offers the advantage of a hydrological
adaptability to different ecological objectives.
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Abstract. Controlled Reduced Tide system (CRT) is a new technique for restoring tidal marsh, and is being
applied in the Schelde estuary (Belgium). Biogeochemical services of CRT were hypothesized to support
and improve several estuarine functions such as sediment trapping and nutrient burial. In 2006, the first
pilot CRT was implemented in the freshwater zone of the estuary. 15 sediment physicochemical descriptors
were intensively monitored over three years in the newly-created CRT and reference habitats from the
adjacent estuary. Strong soil transformations appeared in the CRT: the formation of a nutrient rich estuarine
sedimentary substrate in the most frequently flooded zones contrasted with the estuarine sand flats where a
shear stress is sustained by coastal squeeze. In a comparative way, the temporal dynamics of the sediment
descriptors was explored in order to identify key processes engendered by the flooding of the CRT
sediment. Although processes were found inherent to the CRT, reference and CRT sediment characteristics
experienced long-term oscillations, whereby both systems fluctuated in a similar way. However, despite
such variations, successful nutrient trapping and fine particles burial were demonstrated in the partly
independent evolution of the CRT sediment. This study proves that the CRT system, in accordance with
restoration goals, can compensate some deficient ecological functions in impacted estuaries. Besides, the

results highlight the complex temporality of abiotic patterns in intertidal sediments.

INTRODUCTION

Estuaries are known to play a crucial role in
biogeochemical cycles by reworking riverine inputs
and trapping contaminants (Billen et al. 1991;
Jickells 1998), but they are among the most
threatened ecosystems by human activities
(Vitousek et al. 1997; McLusky and Elliot 2004;
Long 2000). Densely populated and industrialized,
the Schelde Estuary (Belgium) has been strongly
impacted for a long time. Embankments, dredging
and pollution have severcly modified the estuary
integrity. These pressures have led to a drastic
reduction of mudflats and shallow subtidal habitats,
while the remaining ones undergo a strong physical
stress sustained by coastal squeeze (Meire et al.
2005). However, large projects aiming at restoring
wetlands and estuarine habitats are ongoing since,
at the scale of an estuary, tidal marsh restoration
may increase the economical value of
biogeochemical services (Andrews et al. 20006).
Although  marsh restoration by land
reclamation has become frequent through different
coastal management practices, concomitant
biogeochemical processes have received little

attention (French 2006). Questions  arise
concerning the functional success of marsh
restoration projects since tidal marshes are known
to be nutrient sinks and transformers (Billen et al.
1991; Megonigal and Neubauer 2009). Their
important role in nutrient cycling has been pointed
out for a long time (Morris et al. 1978; Odum
1988), and recent mass-balance studies clearly
showed their nature of water quality filters
(Gribsholt et al. 2005; Van Damme et al. 2009;
Struyf et al. 2006; Jacobs et al. 2008). Among
different functions they assure, tidal marshes
reduce the transfer of riverine material to the
coastal ocean (Middelburg and Herman 2007).
Balance between excess nutrient importation and
exportation has been debated (Nowicki and Oviatt
1990), but most of studies today agree on the fact
that they trap nutrients (Jickells 1998). However,
information is extremely variable given the
diversity of estuaries over the world (Heip et al.
1995), and temporal patterns can exhibit either
seasonal or non-seasonal trends (see Nowicki and
Oviatt 1990 for review).

Especially freshwater tidal zones have been
for a long time recognized to need greater
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CHAPTER 3 — SEDIMENT ABIOTIC PATTERNS IN CURRENT AND NEWLY-CREATED INTERTIDAL HABITATS
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sediment descriptors in columns. This dataset was
explored in a synthetic way by means of a
standardized principal component analysis (PCA) in
order to derive the main gradients organizing the
whole spatial and temporal information. PCA axis
scores were used as synthetic descriptors to test
differences between reference and CRT over time
by means of Wilcoxon signed-rank tests and a non-
parametric multiple test procedures (Behrens-Fisher
type; Munzel and Hothorn 2001).

3.2. Temporal dynamics

Although estuarine water was likely to engender
changes in soil CRT characteristics, the nature of
temporal trends among sediment descriptors
remained uncertain. For each descriptor, temporal
profiles were computed respectively for estuary and
CRT by averaging values per date and stratum.
Common trends to estuary and CRT were identified
by Pearson’s correlation coefficients in order to
detect processes inherent to the CRT sediment.

In a synthetic way, a last analysis consisted in
testing the independence of temporal processes
occurring in the CRT sediments. A multivariate
procedure involving the 13 monitoring dates and
the three sediment strata was applied 1) to test the
relationship between the estuary and the CRT
temporal trajectories, and ii) to eventually explore
the similarities between the trajectories and the
stability of this relationship through depth.
Numerically, each system was composed of the
corresponding strata at the same dates for each
descriptor. Three pairs of data tables (ecach
representative of a sediment stratum) sharing the
same lines (dates) and the same columns (sediment
descriptors) were therefore considered; values were
averages per system and date. This data set was
analysed by applying the STATICO procedure
(Thioulouse et al. 2004), which is based on the
principle of co-inertia (Dray et al. 2003); axes are
constructed so that they maximize the covariances
between the descriptors of estuary and CRT
sediments. The similarity between temporal
trajectories  (i.e. multidimensional structures
consisting of two clouds of 13 paired points) was
assessed by the Rv coefficient which is a
multidimensional correlation index between two
tables, equivalent to a simple Pearson’s correlation
coefficient between two variables (Escoufier 1973);
its significance was tested by a Monte-Carlo
procedure based on 999 random permutations of the
lines of the two tables (Heo and Gabriel 1997). The
STATICO analysis has been successfully applied in
several estuarine and marine studies; see Simier et
al. (2006), Carassou and Ponton (2007) and
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Mendes et al. (2009) for further documentation.

Computations and graphical representations
were realized using R software (R Development
Core Team 2009); non-parametric multiple
comparison and multivariate analyses were
conducted respectively under the “npmc” and
“ade4” packages available in R.

RESULTS
1. Overall spatiotemporal pattern

The PCA highlighted a strongly structured pattern
along two components encompassing 68 % of the
total information (Fig. 3A); correlation matrices
are provided in Appendices 1, 2 and 3. The first
axis characterized the particulate nature of the
soil/sediment. It opposed particulate nutrients and
silty elements to sands percentage and mean grain
size. These descriptors positioned the sites along a
flooding gradient, form site W to site F in the
estuary, and reversely from lowly to highly
elevated sites in the CRT (Fig. 3B and 3C). Both
reference and CRT PCA axis scores were
significantly correlated to flooding frequency
(estuary, N =117, » = 0.72, p <0.001; CRT, N =
390, r = -0.44, p < 0.001). The most frequently
flooded CRT sites exhibited the highest
concentrations in particulate nutrients (see
Appendix 4 for detailed values). Silts and ASi
contents, which could reach respectively more
than 70 % and 15 mg/g of dry material (DM) at
low clevation, exceeded by far the wvalues
encountered in the reference sites. Site R and F
were particularly marked by their high sand
content (more than 40 %) and their low nutrient
concentrations.  Particulate N and OM
concentrations were also highest at low elevation
in the CRT (more than respectively 5 mg/g DM
and 120 mg/g DM) whereas they peaked at
respectively 4 mg/g DM and 120 mg/g DM in site
W in the estuary. Particulate P ranged between 3
and 4 mg/g DM at the most (site W; in the CRT,
mid and high clevations) and were lower
elsewhere.

The second axis was also correlated to
flooding frequency in both estuary and CRT
(estuary, N =117, r =-0.93, p <0.001; CRT, N =
390, r = =049, p < 0.001). In both systems, this
gradient was commonly related to a wetting
process. It opposed dry, clayey and resistant
sediment at high elevation to wet and ion rich
sediment (PO43’ and NH,") at low elevation.

Temporal changes were observed in the CRT
over the three years along both axes (Fig. 3D).
They consisted in a switch from the initial arable
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CHAPTER 3 — SEDIMENT ABIOTIC PATTERNS IN CURRENT AND NEWLY-CREATED INTERTIDAL HABITATS
FROM AN IMPACTED ESTUARY

Neubauer 2009). This supports the importance of
autotrophy next to estuarine import in explaining
organic matter accumulation.

Like particulate P, particulate N was strongly
correlated to OM in both systems (Appendices 1, 2
and 3), hence supporting its organic origin. As
expected, particulate N accumulated in the CRT
sediment, hence ensuring an excess nutrient
removal from the water. However, this nitrogen
sink may have not accounted for the whole nitrogen
removal since other pathways exist, such as
denitrification of nitrate to gaseous dinitrogen or
nitrous oxide. In the Schelde estuary, depending on
habitat, nitrogen removal under gaseous form
ranges from 2.4 % in freshwater marsh (Gribsholt et
al. 2006) to 55 % in brackish intertidal flats
(Middelburg et al. 1995).

On average, particulate P concentrations were
similar in both systems, and no clear accumulation
was observed in the CRT sediment despite tidal
freshwater marshes are recognized to efficiently
retain phosphorus (Hartzell et al. 2010). Increasing
particulate P concentrations should have been
expected in the CRT given its higher capability in
trapping fine sediments. The absence of trend might
suggest an immediate ionic P release (e.g.
decomposition of the organic fraction) following
deposition in the CRT sediment.

CRT NH," concentration was not or weakly
correlated to OM and particulate N concentrations,
whereas the relationships were significant in the
estuary (Appendices 2 and 3). In the CRT, a greater
OM accumulation rate than OM decomposition rate
might explain this discordance. However, the
decreasing trend of the difference between estuary
and CRT NH," temporal profiles (Fig. 6) suggests
an additional hypothesis related to floodwater. The
increase in delta pH following the introduction of
the flooding regime indicates an increase in ionic
charge of the sediment particles, possibly enhancing
desorption of cations, particularly in the top
sediment. However, the link between NH," and
delta pH in the CRT was found to be poorly
significant (Appendix 2). In both systems,
concentrations were found to increase with depth,
whereas the reverse was observed in the difference,
with a faster stabilisation in the CRT top sediment.
Hence, this relative NH," enrichment in the CRT
may have originated directly from simple top-down
diffusion from the floodwater. Indeed, in a N
labelling study in a nearby tidal marsh (Gribsholt et
al. 2005), NH," was shown to be partially retained
by the marsh. The estuarine nature of the deposited
sediments in the CRT may have also contributed to
this stabilisation.

NO2-NO3~ and NH," concentrations were
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negatively correlated in both systems (Appendix 2
and 3) with concentrations of NH," increasing
with depth. This suggests a conversion from the
second to the first by nitrification following a
hypoxia gradient from top to bottom sediment, and
supported by recent field measurements. At high
elevation, redox potential ranged from + 50 mV in
the top sediment to —230 mV at 15 cm depth, and
from —140 mV to —230 mV at a low elevation (J.
Teuchies and O. Beauchard, April 2011).
However, the marked seasonality of NO, -NO;~
CRT concentration contrasted with the estuary
concentrations. The lower CRT concentrations
were probably attributable to the seasonal
vegetation dynamics, as the CRT has been
colonized mainly by annual plants species
exhibiting a clear seasonal pattern (Jacobs et al.
2009). This might result from a preference of
plants and microorganisms for NO, and NO;™ to
cope with NH," toxicity at high uptake rates
(Stevens et al. 2011). The maximal summer
vegetation development concurs with the minimal
summer concentrations here, which suggests a
plant uptake regulation. In the estuary, such a
variation could have only been suggested in site R,
since no plant occurs in site F, and pluriannual
plants dominate in site W (Salix sp.).

When sediments are flooded, it is largely
recognized that the subsequent hypoxia engenders
a reduction of Fe** which then could release iron
bounded PO,> (Baldwin et al. 1997). The relative
increase in PO, concentrations in the CRT
sediments could have resulted from a release of
PO ions in deeper sediment layers and a
subsequent bottom-up migration of ions, possibly
re-adsorbed in the top sediment. This could
additionally be attributed to a direct import from
the estuary. Indeed, CRT concentrations were
decreasing from top to bottom sediment contrary
to those in the estuary, organized in an inverted
way with highest concentrations in the deepest
stratum (Fig. 4, Fig. 5). Since top sediments are
generally more oxic, the release in PO,> should
have been expected lower in the top sediment.
Since the concentration tended to stabilize in the
top sediment when compared to the estuarine one
(Fig. 6), as for NH," concentration, this might
have resulted from the setting of an equilibrium
between CRT sediment and floodwater
concentrations. This assumption is supported by
the positive correlation between PO,” and water
content in the CRT sediment, non-significant in
the estuary sediment (Appendices 2 and 3).
Moreover, in the estuary, OM and particulate P
were positively correlated and both negatively
correlated to PO, but no significant correlation
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was found between particulate P and PO, in the
CRT. Hence, the negative relationship between
particulate P and PO,” in the estuary might have
been explained by OM decomposition. In the CRT,
imported PO,” in the top sediment might have
blurred the same process, at least at mid and high
clevations (particulate P vs. PO,> relationships; low
elevation (L sites), » = —0.35, p < 0.001; mid
elevation (M sites), » = —0.02, p = 0.712; high
elevation (H sites), » =0.41, p <0.001).

The ASi accumulation is of importance as re-
dissolved silica was shown to be released in high
concentrations in interstitial water of this CRT
(Jacobs et al. 2008). This dissolved silica is released
to the flood water, providing a buffer function for
silica limitation in the estuary. Such a limitation can
engender harmful algal blooms and subsequently
eutrophication (Van Spaendonk et al. 1993). Recent
measurements showed that 80 % of ASi content in
the Schelde marsh sediments originate from
diatoms (Conley and Guo, unpublished data). The
scasonal pattern in differential ASi concentration
(Fig. 6) was interestingly linked to the secasonality
of accretion rate in the CRT which was shown to be
maximal in winter (Temmerman et al. 2003; Struyf
et al. 2007; Vandenbruwaene et al. 2011). The
differential ASi accumulation between CRT and
estuary supports, once again, an impaired accretion
capability of the tidal flats and reed beds.

3. Long-term system oscillation

In the estuary, no predictable pattern arose at the
scale of a single year. The lack of a clear
scasonality justifies the need for continuous
measurements in order to detect comprehensive
patterns.  Indeed, the estuarine  sediment
characteristic patterns were subject to variations
over the whole monitoring period. Starting from
completely different states in 2006 (Fig. 3D), both
systems oscillated in a same way as confirmed by
the STATICO analysis. Hence, this covariation
suggests the implication of processes common to
both systems.

In the top stratum, the first phase of the
trajectory was mainly driven by increases in water
content, silt content, particulate N and ASi
concentrations, while no change in flooding
frequency or duration were registered during the
study period (Beauchard et al. 2011b). As
underlined by the concomitant opposition between
these fractions in the STATICO analysis, silts
replaced sands which could have increased ASi and
particulate N concentrations as they were positively
correlated to silt content (Appendix 1).

During the two last phases, degradation of
some organic fractions rich in particulate N,
particulate P and ASi, followed by a recovery,
could be speculated. Indeed, conversion of
particulate P to PO,> could have taken place given
their clear opposite patterns and the strong affinity
between particulate P and OM. Also, resuspension
of particulate material during the flood is possible
(Kemp and Boynton 1984), but release from 15
cm depth has never been documented.

Overall, the three-year oscillation is difficult
to interpret. Whereas seasonality was shown to
govern the temporal pattern of water properties in
estuaries from temperate zones (Livingston et al.
1997, Van Damme et al. 2005), the temporal
patterns of the sediment characteristics were
clearly non-seasonal. These patterns strongly
contrast with the secasonality of most water
characteristics in this part of the estuary according
to a concomitant water quality monitoring in the
same zone of the estuary (Van Damme ct al.
2005). During the study period, not a single water
descriptor exhibited the observed temporal trend
observed here. The important influence of
sediment dynamics (erosion / deposition) could be
hypothesized, since they are relatively
independent from the main water properties such
as temperature and oxygen. Indeed, the stronger
distortions of the estuary top sediment trajectory
(Fig. 7D) probably highlighted the sediment
instability induced by the shear stress. However,
erosion or accretion of sediment from one season
to another could not have completely driven the
trajectories of both systems. Firstly, the sediment
accretion in the CRT was constant over the whole
study period (Vandenbruwaene et al. 2011).
Secondly, the physicochemical variations
observed here concerned the whole 15 cm horizon
of the sediment. Also, bioturbation cannot explain
this temporal pattern given its superficiality and
seasonality (Beauchard et al. 2011a). Another
hypothesis could support the implication of
microorganisms. In estuarine sediments, organic
nutrient dynamics are mainly controlled by the
activity of microorganisms, and recent studies on
marine  sediments showed that bacterial
community dynamics exhibit rather pluriannual
than seasonal trends (Boéer et al. 2009;
Thiyagarajan et al. 2010). Moreover, Dale (1974),
highlighted strongly significant relationships
between bacterial numbers, nitrogen and
granulometry in intertidal sediments. Hence, the
influence of  microorganisms could be
hypothesized to explain the long-term variation in
nutrient concentrations.
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4. Conclusion

This study shows that the CRT system engenders a
successful development of an estuarine sediment.
The CRT sediment physicochemical characteristics
strongly contrast with those encountered in the
frequently flooded habitats of the adjacent estuary.
The restoration technique was proved to counteract
the shear stress exerted on estuarine tidal flats and
reed beds where estuarine functions are deficient.
Furthermore, on the long term, this study clearly
shows that the CRT sediment reacts similarly to an
estuarine sediment. More fundamentally, this
suggests that the flooding process operates in a
same way on both newly-created and reference
habitats. However, some processes behind a long-
term system oscillation remain to be elucidated. On
a methodological point of view, these observations
stress that investigations and predictive models on
nutrient budget may dramatically be biased when
conducted on the short term.

Conclusively, as part of the development of a
healthy and multifunctional estuarine water system
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(Van den Bergh et al. 2005), the implementation
of the CRT system on several hundreds ha along
the Schelde estuary might have a significant
influence on the biogeochemistry of the entire
system. Other ecosystem compartments and
trophic levels may react in an interactive way
since  concomitant  studies reported  the
development of typical wetland organism
communities among plant (Jacobs et al. 2009),
invertebrates and birds (Beauchard et al., under
review).
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APPENDICES

Appendix 1. Pearson’s correlation coefficients between sediment descriptors on the whole data set. MGS

for mean grain size (N = 507). Significance level: *, 0.05; ** 0.01; *** 0.001.

MGS Clays Silts Sands  Sed. resist. % water PO4 Part. P NH4  NO2-NO3 Part. N ASi OM pH
Clays -0.48 ***
Silts -0.84 *** (.10 *
Sands 0.93 *** 0,57 *¥** (.87 ***
Sed resist. -0.02 0.46 *** -0.25 *** .0.02
% water  -0.37 *¥** 030 *¥** (.61 *** 036 *¥** 0,70 ***
PO4 0.16 *** -0.54 *** _0.04 0.30 *¥** 0,49 *#** (5] ***
Part. P -0.59 % (.29 *¥*k (45 FF* 052 ¥ .02 0.11 * -0.25 ***
NH4 022 %% (.24 *k* (19 ¥¥k* (28 **k (14 ** 0.17 *¥**  0.60 *** -032 ***
NO2-NO3 -0.17 *** 0.05 0.11 * -0.11 * 0.07 -0.10 * -0.24 *¥** (38 *** (3] *¥**
Part. N -0.70 *** 0.15 0.76 *¥** 0,70 *** 034 *** (.63 *** (008 0.64 *** -0.08 0.11 **
ASi -0.65 ***  0.04 0.75 *¥** 0,64 *** 0,42 *¥** Q77 FFk (.17 *¥** (035 ** 007 0.07 0.78 ***
oM -0.82 *** (.34 *¥xk (82 KR (.84 **k I8 FFF (048 *¥** 011 * 0.66 *** 022 *k* (16 ¥*¥* (.83 ***k (68 *¥**
pH 026 *** (.20 *** Q3ZF*kx (2] *** (52 ¥Fk* 065 *kk Q5] *FF* 014 *¥* 038 kx* (.17 ¥k .47 Fkx (.47 ¥Rk (33 *F*x*
DeltapH -0.06 -0.48 *** 024 *¥**  0.04 -0.58 *¥** (.63 *** (58 *¥** (.02 0.24 *** -0.06 0.30 #*F* (0,42 ** Q11 * -0.81 ***

Appendix 2. Pearson’s correlation coefficients between sediment descriptors in the estuary. MGS for mean
grain size (N = 117). Significance level: *, 0.05; ** 0.01; *** 0.001.

MGS

Clays Silts Sands  Sed. resist. % water PO4 Part. P NH4  NO2-NO3 Part. N ASi OM pH
Clays 1.00 ***
Silts 0.72 *#** (.72 ***
Sands -0.85 *** (.85 *** (.9 HH*
Sedresist. 0.45 *** (.45 *¥** Q4] FF*F (.45 *x*
% water 037 *** (.37 *%k (57 Fkx 0,54 **k 026 *¥*
PO4 -0.53 #** 0,53 *¥*k Q.62 Fk* (.63 *¥** .60 ¥** -0.06
Part. P 0.65 *** (.65 *** (.62 ¥*F* _0.66 *** 0.69 *** -0.02 -0.86 ***
NH4 -0.38 *** 038 ¥k (.50 FE* (.49 **E (044 *¥*¥* 030 0.61 *¥**  _0.47 »**
NO2-NO3  0.41 *¥** 041 *** (.42 *¥** 045 *** (050 *** 007 -0.58 *¥** (.53 *** (39 *¥*x
Part. N 0.73 #** (.73 %%k (77 Fkx 080 **k (.43 ¥F* (40 *K* Q56 ¥ (.79 ¥k (39 *¥** (37 wk*
ASi 0.71 *** Q.71 *** (.80 *** -0.82 *** (3] ** 0.60 *¥** 0,52 *%* (52 *¥** (5] ¥6k (46 ¥** (.69 ***
oM 0.81 *** (.81 *¥** (9] ¥k* 094 **k (58 ¥k (3G ¥K* (T] ¥** (75 *¥*¥k (56 FK* (.45 *¥*k (80 Fk*X (.75 x>k
pH 0.07 0.07 -0.03 0.00 0.43 *** 013 -0.25 ** 020 * -0.28 ** 0.01 0.02 -0.09 0.07
DeltapH -0.32 * -0.32 -0.21 * 026 **  -0.52 *** 006 036 *¥** 038 *** (025 ** 0.08 -0.25 **  -0.11 -0.30 -0.87 ***

Appendix 3. Pearson’s correlation coefficients between sediment descriptors in the CRT. MGS for mean
grain size (N = 390). Significance level: *, 0.05; ** 0.01; *** 0.001.

MGS Clays Silts Sands  Sed. resist. % water PO4 Part. P NH4  NO2-NO3  Part. N ASi oM pH
Clays -0.23 **x
Silts -0.77 ***-0.34 HHx
Sands 0.92 *** (2] *** (85 ***
Sedresist. 0.15 ** .39 *¥*F 048 *¥** (27 ***
% water  -0.47 ¥¥* .36 *Hk* (.75 *Hk* (58 *Hkx (72 kH*
PO4 -0.42 *¥¥ 024 FHkx (.60 FHK .49 FHkx (A4 FHK (74 Kk
Part. P -0.61 *** 0.29 0.41 *** .0.59 *** 0,10 * 0.13 ***  0.01
NH4 -0.05 0.02 0.10 -0.12 * -0.01 0.26 *** 051 *** -0.28
NO2-NO3 -0.11 * 0.03 -0.01 0.00 0.06 -0.14 *¥* 023 *¥** (30 *** 033 **x
Part. N -0.67 *** -0.09 0.77 *¥¥* 0,74 *¥¥* 0,50 *** 072 ¥*¥* 0.56 **¥* 0.60 *** 0.11* 0.04
ASi -0.62 *¥* 019 *Hkx (77 *kx Q70 *HkX 54 *kx (84 *kk (6] *HFk (035 %k 010 * 0.01 0.80 ***
oM -0.75 ***  0.04 0.77 *¥** -0.82 *¥** 038 *¥*¥* 0.60 ¥*¥* 047 *** 0.68 *** 0.07 0.09 0.85 *¥** (.68 ***
pH 0.44 *** 010 * -0.59 *** (.56 *Hk* (.50 FHkE .69 KKk 62 KKKk 22 ¥ 39 ¥ (26 ¥k .63 *¥*K 058 *¥H* (.54 *x*
DeltapH -0.35 *** 032 *** (.58 **¥* _0.42 *** _0.55%** (7] **¥* (053 **¥* (013 ** 011* -0.13 ** (.55 *Hkx (.64 *Hkx (4] *Hkx (8] HH*
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YWniversity of Antwerp, Ecosystem Management Research Group,
Universiteitsplein 1, 2610 Wilrijk, Belgium
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*Netherlands Institute of Fcology (NIOO-KNAW), Centre for Estuarine and Marine Ecology, P.O. Box 140,
4400 AC Yerseke, The Netherlands
IMARES, P.O. Box 77, 4400 AB Yerseke, The Netherlands

Abstract. Tidal freshwater ecology remains largely undocumented whereas related habitats experience
strong anthropogenic pressures in many estuaries. Within a restoration project in the freshwater zone of the
Schelde estuary (Belgium), a new tidal habitat restoration technique (Controlled Reduced Tide system,
CRT) was hypothesised to successfully compensate for the impairment of contemporary habitats. In newly-
created habitats (CRT), which emerged from a former agricultural area, macroinvertebrate community
development was investigated over a period of three years. In a comparative way, common e¢stuarine
habitats were monitored in order to verify the suitability of CRT in promoting invertebrate community
development. In both systems, habitats were considered along a flooding gradient. Sediment characteristics
were described and compared between CRT and reference sites. Differences were pointed out, and potential
divergences in community functioning were explored by confronting environmental characteristics and
organism’ biological attributes. To this aim, a RLQ analysis was applied in combination with the fourth-
corner method. Frequently flooded reference sites exhibited environmental characteristics consequent from
a hydrological shear stress. On the contrary, the soft CRT hydrology engendered less stressed habitats at a
comparable flooding frequency. After a phase of extirpation of the terrestrial fauna, this resulted in
taxonomic and functional enrichment in the CRT. Macroinvertebrate communities were found to be
strongly structured along the flooding gradient, and functional changes were dominantly conditioned by
flooding frequency, with an immediate aquatic community development at low elevation. The RLQ
analysis revealed significant environmental filtering of biological attributes mainly related to the terrestrial—
aquatic transition and to the environmental adversity.

Despite the fact that they are considered rare
ecosystems, tidal freshwater wetlands nevertheless
are known to occur in most of the largest river

INTRODUCTION

Tidal freshwater wetlands offer special ecological
interests as they are doubly confined: first, they lie
at the end-point of the freshwater river continuum;
second, the corresponding intertidal habitats mark
the interface between aquatic and terrestrial biota.
Typically, tidal freshwater marshes bordering river
channels consist in progressive continuums,
stretching over mudflat, helophyte and woody plant
habitats where daily flood interacts with elevation
(Baldwin et al. 2009; Struyf et al. 2009). The
ecological importance of tidal freshwater wetlands
has been mainly recognized according to the
biogeochemical processes occurring in these
systems (Morris et al. 1978; Odum 1988), hence
conferring them a buffer role between upstream
ecosystems and salt water zones.

drainage estuaries (Baldwin et al. 2009). They
have been mainly studied in North America where
they are frequent, and also in Europe where most
of them are found along the North Sea coast, in the
Schelde, Maas and Elbe estuaries. In Europe,
almost 10 % of the described tidal freshwater
habitats are encompassed in the Belgian part of the
Schelde estuary (Struyf et al. 2009). This estuary
has been hugely impacted by human activities
(industry and  navigation), and  several
embankments have led to a drastic loss of 36 % of
the total surface of tidal habitats during the last
century, while the remaining ones are under severe
stress of changing hydrodynamic conditions
(Meire et al. 2005). Nowadays, since low marshes
have been rendered rare by embankment, no more
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