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<« . . . »
Homo sapiens, a physical ecosystem engineer par excellence
Clive G. Jones

Human beings have been interacting with nature for millennia and, in doing so,
have drastically changed landscapes. Agricultural land has expanded at the expense
of forests and wetlands (Verhoeven, 2014), especially in the last thousand years (e.g.,
Klein Goldewijk et al., 2017). It is estimated that 80% of the original, pristine wetland
area on the European continent has been lost due to anthropogenic activities (Spiers,
1999). This comes at a huge cost because wetlands are considered to deliver a suite
of ecosystem services such as nutrient and contaminant retention, which maintains
healthy soils and productive ecosystems (De Groot et al., 2002). The average economic
value of wetlands based on these ecosystem services has been calculated to be USs$1578
per hectare per year, with excesses up to US$8811 per hectare per year (Woodward
and Wui, 2001). Clearly, these ecosystems should have high priority in restoration
programs.

Apart from reclamation, other human activities have been damaging coastal
wetlands to improve coastal protection (Temmerman et al, 2013). Traditionally,
conventional engineering - i.e. hard structures such as sea-walls, rock revetments, and
levees - damages both aquatic and terrestrial ecosystems and comes with ever-rising
maintenance costs (Cheong et al., 2013; Temmerman et al., 2013). These undesired
effects from conventional engineering result in a need for an alternative approach that
minimizes these non-target impacts on ecosystems while at the same time creating
opportunities for ecosystem restoration of wetlands and other nature areas (Matthews
et al, 2011). An engineering concept that fits this ecosystem-based view is called
ecological engineering: in this concept man does not build against nature, but with

nature.

11  THEORETICAL BACKGROUND
Ecosystem engineers play an important role in ecological engineering designs.

The term ecosystem engineer was first defined by Jones et al. (1994) and comprises



10 I CHAPTER 1

organisms that play a role in the creation, modification, and maintenance of
ecosystems (Jones et al., 1994; Gutiérrez & Jones, 2008). A well-known example
of an ecosystem engineer is the beaver (Castor canadensis), who creates large and
long-persisting wetlands by altering the hydrology (Naiman et al. 1988). Numerous
other examples exist and can be classified either as allogenic - i.e., organisms that
change the environment by transforming living or non-living materials (such as the
beaver) - or autogenic - i.e., organisms that change the environment with physical
structures. Allogenic examples include meiofauna and macrofauna, which actively
change physical, chemical, and biological properties of sediments as a consequence of
bioturbation, pelleting, and biodeposition (Kristensen, 1991; Reichelt, 1991; Montserrat,
2011), and terrestrial earthworms, which alter hydrology and affect plant biodiversity
(Thompson et al., 1993). Autogenic examples include submerged macrophytes, which
promote sedimentation and wave attenuation (Carpenter and Lodge, 1986); terrestrial
plants, which alter biogeochemical processes and soil formation (Ehrenfeld et al.
2005); and mussel beds, which protect sediments from erosion and other disturbances
(Borsje et al., 2011). An organism can also be simultaneously autogenic and allogenic,
such as a terrestrial plant that stabilizes the sediment by root growth binding (Jones et
al., 1994, 1997).

Understanding how ecosystem engineers modify the environment is essential for
predicting how other ecological processes will influence ecosystem functioning (Jones
et al., 1997). This can either be through positive effects, for example by creating habitat
and increasing biodiversity (Wright et al., 2002; Gilad et al., 2004), or through negative
effects, for example by mutual exclusion via modification of shared habitat (Van
Wesenbeeck et al., 2007). Jones et al. (1997) and Gutiérrez & Jones (2006) commented
that feedback effects occur when the physical state change directly affects the engineer
itself either positively or negatively. Gutiérrez et al. (2003) elaborated on these effects
and discussed two types of feedback mechanisms: 1) resource-mediated feedbacks that
occur as a consequence of changes in resource availability; and 2) organism-mediated
feedbacks that occur as a consequence of the facilitation or inhibition of other
organisms that respond to changes in resource availability.

Such effects and feedback mechanisms are essential in ecosystem engineering.

Ecosystem engineering is the process of maintaining and creating habitats by making
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use of ecosystem engineers (Jones et al., 1994). There are many concepts related to
ecosystem engineering. These include patch dynamic theory, in which patches are
created and maintained by the activity of organisms, for example by goat and rabbit
grazing in arid ecosystems (Verwijmeren et al., 2014, 2016). Keystone species are also
related to ecosystem engineering, especially when the appearance or disappearance
of a keystone species affects ecosystem engineers at lower trophic levels. For example,
the Lesser snow goose (Anser caerulescens) determines the structure and species
composition of coastal plant communities (Kerbes et al., 1990). Another related
concept, quite similar to ecosystem engineering, is ecological engineering. The
field of ecological engineering was first mentioned in 1962 by Howard Odum, who
applied it to systems where the energy supplied by society is small relative to the
natural resources, but sufficient to produce large effects (Odum, 1962). Mitsch (1996)

redefined the term ecological engineering as:

“The design of sustainable ecosystems that integrate human society with its natural

environment for the benefit of both.”

Although ecosystem engineering and ecological engineering have many similarities —
such as the usage of effects and feedback mechanisms initiated by organisms - the key
difference is in the aim of the concepts (Figure 1.1). Whereas ecosystem engineering
focuses on maintaining and creating habitat to enhance ecological value (Jones et al.,
1994), ecological engineering aims to restore and develop ecosystems that also have
human value (Mitsch, 1996). Therefore, ecological engineering also adds to ecosystem
services, such as nutrient retention by wetlands (Odum and Odum 2003). Creating
wetland, however, always requires an initial conventional engineering investment
(Mitsch, 1998), for example by manually planting seedlings or shaping an initial
hydrological regime. Despite this human investment, natural processes determine for
a large part the final design of the ecosystem (i.e., self-design). Thus, ecosystem self-
design is a key principle in ecological engineering projects (Mitsch, 2012).

In the past few decades, numerous eco-engineering projects have been started
worldwide, like the Olentangy River Wetland Research Park in Ohio State, which aims

to investigate how ecological engineering can create and restore wetland and how
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much human intervention is required (Mitsch et al., 1998, 2012). Mitsch et al. (2012)
found that artificially planting the wetland increased species richness compared to the
unplanted wetland but reduced overall productivity. Wetland restoration on Poplar
Island in the Chesapeake Bay, Maryland, is another example: it aimed to restore
wetland and to investigate how dredged material can be used as building material
(Derrick et al., 2007; Weller et al., 2007). This project demonstrated that dredged
material can create valuable island ecosystems that improve the ecological value of the
area. For example, the number of bird species increased to 144, including special status

species such as the Bald eagle (Haliaeetus leucocephalus) (Derrick et al., 2007).

initial conventional
engineering investment

1
. 1
Ecosystem ([ Ecological ) !
Engineering Engineering /
1
effects and feedback effects and feedback
mechanisms initiated by mechanisms initiated by
ecosystem engineers ecological engineers
| |
ecosystem
self-design

maintaining and
creating habitats

ecological value

restoring and creat-
ing ecosystems

ecological and human
value

ecosystem services

engineering. Dashed lines indicate human interference.

Figure 1.1. The similarities and differences between ecosystem engineering and ecological
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In the Netherlands, a program has been initiated by national authorities, dredging
companies, engineering consultants, and research institutes that use the concept
of ecological engineering to create additional benefits for nature and society. This
program is called Building with Nature. Examples where this approach has been
used include the construction of a large hook-shaped sand spit, also known as the
Delfland Sand Engine, which functions as a mega-nourishment to combat coastal
erosion (Temmerman, et al., 2013; Van Slobbe et al., 2013; De Boer et al. 2015) and the
deposition of a sandy foreshore as a means to reinforce the Houtribdijk. In another
innovative project within the Building with Nature program, fine sediment is being
used to construct a large wetland in Markermeer, a lake in the Netherlands. This
project will be explained in section 1.5.2 and will function as a case study. First, the
relevance of fine sediment as building material will be explained, after which a brief

history of the Markermeer area will be presented.

1.2 FROM SAND TO MUD AS BUILDING MATERIAL

Sand and gravel are dominantly used as building material for infrastructure,
comprising 79% of total primary material input (Krausmann et al., 2017). Sand is
widely used, especially in land reclamation (Sutherland et al., 2017). Most likely, land
reclamation will increase in the future with the expansion of urban areas, especially
near the coast (e.g., Small and Nichols, 2003). Sand as building material is mined
from quarries, rivers, lakes, sea beds, and coasts and is rapidly becoming a scarce
resource (Sutherland et al., 2017). Furthermore, human interference in sediment-
rich ecosystems has resulted in shifts in sediment regimes (Van Eekelen et al., 2017).
Examples include deepening of estuaries (Winterwerp et al., 2013) and damming of
rivers (Vorosmarty et al.,, 2003). The latter example in particular has resulted in a
reduction in sand as a resource. Thus, building with sand is becoming costly and sand
demand will rise in the future as a result of rapid urbanization (Torres et al., 2017).
Fine sediment (i.e., mud) as an alternative to sand is currently being explored in many
projects (Sutherland et al., 2017; Van Eekelen et al., 2017). River delta regions are
especially rich in fine sediment that is readily available for land reclamation (Jalowska

et al., 2017; McKee et al., 2004). Strategies to overcome the challenges involved when
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building with fine sediment (e.g., sediment consolidation, crest stability) still need to
be developed. As the Marker Wadden will partly be constructed with fine sediment,
useful insights will be gained, which will lead to new building strategies that can be

implemented in other projects where fine sediment is used as building material.

1.3 HISTORY OF THE MARKERMEER AREA

Frequently occurring floods and storm surges have been damaging rural and urban
areas in coastal zones of the Netherlands for centuries (Biggelaar et al., 2014; Van Geel
et al., 1982/1983). The Zuiderzee region is one of those areas; it was a bay connected
to the North Sea via the Wadden Sea, formed by erosion of peat layers in the central
part of the Netherlands (Van Geel et al., 1982/1983). The earliest recorded storm surge
in the Zuiderzee area is dated at 1170 AD. It was followed by storm surges in the years
1196, 1214, 1219, and 1248 (Gottschalk, 1971; Van Geel et al., 1982/1983). This indicates
that floods occurred frequently in the coastal areas of the Zuiderzee.

Flood protection in this area began as far back as the eighth and ninth centuries,
with the construction of dwelling mounds that enclosed low-lying silt marshes and
peat fens (Verhoeven, 1992). More serious flood protection and land reclamation
started around the thirteenth century (Van Veen, 1962; Van Koningsveld et al., 2008).
In 1617, the Dutch engineer Hendrik Stevin was the first to propose a plan to seal
off the Zuiderzee from the North Sea to prevent any more damage from the storm
surges. Unfortunately, the technologies needed to execute such a vast project were not
available at the time, but the proposal inspired engineers in the nineteenth century. In
1891, Cornelis Lely designed a plan known as the Zuiderzee reclamation works (Dutch:
Zuiderzeewerken). Due to the vulnerability of the Dutch food supply during the First
World War and a devastating storm surge in 1916 that caused extensive flooding, the
Zuiderzee Act was passed by the Dutch parliament in 1918. For an extensive review
of the Zuiderzeewerken, see Van Lier (1982). Figure 1.2 shows the original plan of
Cornelis Lely.

The construction of the Afsluitdijk was completed in 1932 - two years after the
North West polder (Wieringermeer) was reclaimed. The dike separated the Zuiderzee

from the North Sea, after which the Zuiderzee became a freshwater lake known as
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IJsselmeer. To meet the demand for food production, 220,000 hectares of land were
gained by reclaiming large parts of lake IJsselmeer (Van Koningsveld et al., 2008).
The original plan provided for five polders, four of which have been realized: the
North West polder (Wieringermeer), North East Polder, Eastern Flevoland, and
Southern Flevoland. The fifth polder has never been built, although preparations
for land reclamation were made: in 1976, construction of the Houtribdijk was
finalized between Eastern Flevoland and Enkhuizen (Noord-Holland). The lake area

= & ol
Figure 1.2. Plan of the Zuiderzeewerken as made in 1891 by Cornelis Lely. The areas for land

reclamation are outlined in orange (Collectie Nieuw Land; Zuiderzeecollectie).
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south of this dam was named Markermeer (an area of c. 700 km?), while the area
north of the dam remained IJsselmeer (an area of c. 1100 km?). The Markermeer
was supposed to be reclaimed to form the fifth polder (the South West Polder, or
Markerwaard) but after decades of dispute, the Dutch parliament finally made a
decision in 2006 not to proceed with reclaiming this lake (VROM, 2006). Hence,

the artificially created Markermeer was never intended to be a lake in the first place.

1.4 ECOLOGICAL STATUS OF MARKERMEER

At the moment, the ecological conditions in lake Markermeer are poor. In this
section, first an explanation is given how the physical characteristics of the lake cause
undesired abiotic conditions, after which the consequential environmental effects are

discussed.

1.4.1 Abiotic conditions

The bottom of lake Markermeer is covered by a soft clay-rich layer. This layer is
formed by physical weathering of the underlying Holocene sediments as well as
bioturbation and may resuspend as a result of wind and wave action (Van Kessel et
al. 2008; Vijverberg et al. 2011; De Lucas Pardo et al. 2013). The soft clay-rich layer
accumulated after 1976, when sediment transport northward toward deeper gullies
was blocked by the dam that separated Markermeer from IJsselmeer. This caused
the suspended matter in the water column to increase to a concentration of 30 mg 1"
(Van Kessel et al., 2008; Vijverberg et al., 2011). The suspended matter in the water
column has a low settling velocity, keeping the lake turbid (Vlag, 1992; Eleveld, 2012).
On a windy day, the amount of suspended matter in Markermeer can be as much as
0.4 Mton, which is almost half the amount of total sediment erosion/deposition per
year (c. 1300 kg km™) (Van Ledden et al., 2006). Before 1976, the suspended matter
was transported to the deep underwater gullies of IJsselmeer and to the Wadden Sea
and the North Sea, keeping suspended matter low in the lake (Zwart and Iedema,
2014). Since the lake’s bed consists mostly of loamy and clayey deposits of marine
origin (Zuiderzee deposits; Winkels, 1997) and as there is no longer an external
supply of mineral sediments coming from rivers (Van Duin, 1992), the suspended

matter in the water column primarily originates from these deposits. However, De
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Lucas Pardo (2014) showed that only at very high wind speeds are the wind-induced
waves strong enough to directly erode the Zuiderzee deposit and hence wave-induced
erosion cannot explain the high amount of suspended matter measured in the water
column. Instead, De Lucas Pardo et al. (2013) showed that bed erosion was caused by
bioturbation of worms, mainly Tubificidae, which is producing a thick, soft, mud layer
at the bottom of the lake.

Low nutrient availability in the water column is another characteristic that
negatively impacts the lake’s ecosystem. Currently, Markermeer is nutrient-limited,
with low values of nitrate, ammonium, and phosphate (Noordhuis et al., 2014). The
concentrations of nutrients in Markermeer are nearly exhausted in the growing
season and currently limit algal growth (Noordhuis et al., 2014). Data from MWTL
(National Water Monitoring Program) shows that concentrations of NO,, NH , and
PO, (orthophosphate) in Markermeer are significantly lower compared to those in
lakes in the surrounding area (Table 1.1; see Figure 1.3 for the location of the lakes). By
contrast, levels of sulfate and iron are significantly higher in Markermeer than in the

other lakes except for Veluwemeer.

Table 1.1. Average concentrations of NO,, NH,, PO, SO,, and Fe (aq) in mg 1" for the lakes
Markermeer, IJsselmeer, Veluwemeer, Eemmeer and Ketelmeer for the period 2008-2012.
Significant differences (p < 0.05) with lake Markermeer for the same variable are indicated by

(VR 2]

an “*”. Data was retrieved from MWTL (National Water Monitoring Program).

NO3 NH4 PO4 S04 Fe (aq)
Markermeer 0.1 0.01 0.003 90 1.3
IJsselmeer 1.2* 0.03 0.009* 59* 0.5*
Veluwemeer 0.4 0.07* 0.003 119* 0.3*
Eemmeer 1.1* 0.23* 0.086* 66* 0.6*
Ketelmeer 2.4* 0.11* 0.064* 57* 0.4*

Stony dikes and steep land - water gradients form a third characteristic that
contribute to the degraded ecological state of the lake (Noordhuis, 2014; Zwart and
Iedema, 2014). An essential habitat where aquatic plants and macrophytes can

establish is missing. Littoral zones are desired, as they contribute significantly to the
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overall productivity and metabolism in the lake and provide essential habitats for
invertebrates and fish (Wetzel, 2001).

To summarize, the soft, clay-rich layer, the low nutrient availability and the absence
of littoral zones form three undesired abiotic conditions that are responsible for the

degraded ecological state of Markermeer.

|Jsselmeer Ketelmeer 1
AL
B\“,l
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Markermeer i W
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Figure 1.3. Map showing the location of the lakes (Markermeer, IJsselmeer, Ketelmeer,

Veluwemeer, Eemmeer, and Gooimeer).

1.4.2 Environmental effects

Ecological trends in the lake were studied in detail by the Dutch project “Autonome
Neergaande Trendstudie” (ANT) (English: Autonomous Negative Trends; described
in Noordhuis et al., 2014). That study pointed out that although primary productivity
did not decrease, the composition of primary producers changed in favor of more
nutrient-efficient species as a consequence of low nutrient availability. Moreover, high
turbidity in the water column also affects primary producers by means of flocculation.
Algae such as Aphanotece sp. form aggregates with suspended particles in the water,
which on days with low wind speeds causes the algae to be deposited on the lake’s bed

and hence removes them from the water column (De Lucas Pardo, 2014).
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These changes in primary productivity have had cascading effects in the food
web. After the transition toward more nutrient-efficient primary producers, the
phytoplankton became less nutritious for secondary producers like mussels and
zooplankton (Mandemakers, 2013; Noordhuis, 2014; Sarpe et al.,, 2014). In turn, a
reduction in the nutritional value of secondary producers had consequences for fish
and birds. For example, the Quagga mussel (Dreissena burgensis) — an invasive species
- needs less nutrients in its diet to survive and is therefore currently replacing the
Zebra mussel (Dreissena polymorpha) in the lake (Orlova et al., 2005; Matthews et al.,
2014; Karatayev et al., 2015). This has caused negative trends in benthivorous birds, as
muscle tissue of D. burgensis has a lower energetic value than D. polymorpha and is
therefore generally avoided as food (Petrie and Knapton, 1999; Noordhuis et al., 2014).

Fish and piscivorous birds show negative trends as well, which can partly be
related to changes in secondary productivity. For example, the decline of smelt
(Osmerus eperlanus) coincided with the shift in species composition of phytoplankton,
in turn lowering the nutritional value of zooplankton, the main food of smelt
(Noordhuis, 2014). Because smelt is the main diet for piscivorous birds, and smelt
has declined rapidly in the past decades, piscivorous birds have also declined.
Furthermore, the lake does not provide essential habitats for fish to spawn (Noordhuis
and Van Schie 2007) due to the absence of littoral zones with macrophytes and water

plants (Zwart and Iedema, 2014).

1.5 RESTORATION PROGRAMS AND RESEARCH PROJECTS

Improving the conditions in the lake is necessary not only from an ecological
perspective but also from a political perspective, as the Markermeer-IJmeer region
has been designated as a Natura-2000 site (VNL, 2009). To counter these autonomous
negative trends in the lake several programs and research projects were initiated by
the government and private parties. The restoration programs are described briefly
below, after which the Marker Wadden project is described. Last, a description is given
of the research project. See Figure 1.4 for the position of the separate programs and

research projects.
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Figure 1.4. The position of the Marker Wadden project (blue) and the research project of
this study (orange) within other related programs and projects. The programs, projects, and
definitions include Programma Randstad Urgent (PRU), Toekomstagenda Markermeer-
IJmeer (TMIJ), Natuurlijk(er) Markermeer-IJmeer (NMIJ), Toekomstbestendig Ecologisch
Systeem (TBES), Kennis- en Innovatieprogramma Marker Wadden (KIMA), and Autonome
Neergaande Trendstudie (ANT).

1.5.1 Restoration programs in Markermeer

In 2007, a program was commissioned by the government that aimed to determine
which investments in nature restoration are most likely to achieve a robust ecosystem
in Markermeer. This program was called Toekomstagenda Markermeer-IJmeer (TMIJ)
and formed part of a larger program named Programma Randstad Urgent (PRU), a
program encompassing 4o different projects to strengthen the international economic
position of the Randstad (VROM, 2010). In 2008, TMIJ presented a development
perspective for Markermeer in which the realization of a future resilient ecosystem
plays a central role: the so-called Toekomstbestendig Ecologisch Systeem, abbreviated
as TBES (Stuurgroep TMIJ, 2008). This perspective includes four requirements:

1) zones with clear water; 2) a gradual transition from clear to turbid water (ie., a
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turbidity gradient); 3) transition zones between land and water (i.e., littoral zones);
4) development of natural habitat on inner and outer dikes. This view was accepted
by the government, which in addition stated that a strong ecological system is a
precondition for further development of the Markermeer-IJmeer region (VROM,
2010). To test the perspective proposed by TMIJ, an applied research program was
initiated by the Dutch Ministry of Infrastructure and Water Management (the former
Ministry of Transport, Public Works, and Water Management). Called Natuurlijk(er)
Markermeer-IJmeer (NMIJ), this research program was intended to determine the
effectiveness and feasibility of several measures proposed by TMI]J and to contribute to
the decision-making of PRU. Many measures were tested, including the construction
of a large wetland in the lake (hereafter referred to as the NMIJ wetland). It was
concluded that such a wetland would increase the ecological value in the lake, as it
creates an extensive littoral zone, in turn broadening and strengthening the food

pyramid in the lake (Haasnoot et al., 2009; Balkema et al., 2010; Dankers et al., 2015).

1.5.2 Marker Wadden

In 2012, the society for the preservation of nature monuments in the Netherlands
(Dutch: Natuurmonumenten) launched a plan to construct a large wetland in the lake:
the Marker Wadden (Verschoor and Rijsdorp, 2012). Although somewhat similar to
the NMIJ wetland proposal, it has some important differences, such as the method of
construction (hydrological dredging for the Marker Wadden vs mechanical dredging
for the NMIJ wetland) and the estimated cost of the first phase (c. €450 M for the
Marker Wadden vs €900 M for the NMIJ-wetland) (Knoben, 2014). Because of the
similarities between the NMIJ wetland and the Marker Wadden in terms of ecological
effects - the Marker Wadden fulfilled the first three requirements of TBES proposed
by TMIJ - the Marker Wadden project was integrated into the final recommendations
by NMIJ.

In the project description, the Marker Wadden was defined as follows: a natural
archipelago of islands spread across an area of about 10,000 ha in the northern part of
Markermeer, between the cities of Lelystad and Enkhuizen (Verschoor and Rijsdorp,
2012; see Figure 1.5 for the project design). It will consist of lagoons, mudflats, reed

beds, tidal forests, and beaches. At the same time, the project aims to resolve the issues
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in Markermeer described in Section 1.3 by creating zones with clear water, turbidity
gradients, and littoral zones. The wetland should evolve in a self-regulating system
once the optimal conditions to keep nature management to a minimum have been
created. It is therefore necessary to identify and understand which ecological and

other processes in the wetland are important for ecosystem development.

Legend

- Wetland, 0.0 - -0.2 m NAP
[ wetland, 0.2 --0.4 m NAP

[ | Mud fiats,-0.2--0.4 m NAP
I:' Shallow water, -0.4 - -1.0 m NAP
- Shallow water, -1.0 - -2.0 m NAP

- Littoral zone, 0.0 - -2.0 m NAP

Figure 1.5. Design of the Marker Wadden. © Vista landschapsarchitectuur en stedenbouw.

The method of construction of the Marker Wadden is highly innovative, as fine
sediment is used as building material for the wetland. Building with fine sediment
has never been attempted before elsewhere in the world at this scale and might be
a cost-efficient alternative to sand. However, to protect the wetland from waves
and southwesterly winds, dams made of sand or stone have been constructed at the
southwest and southeast edges. On the lee side of these dams, fines are hydraulically
pumped in several layers to create natural land - water gradients (Boskalis, 2015).
Phragmites australis is planted manually to promote ecosystem development on the

islands (Boskalis, 2015).
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By the end of 2018, five islands that cover c. 750 ha of wetland in total will be
created. The dredged building material will amount to 30 million m’ it includes the
soft clay-rich layer and the underlying Zuiderzee deposits, which apart from clay
also consist of significant amounts of sand and peat. In September 2018, one island
of c. 250 ha will open for visitors, with access to a boat landing stage, a sandy beach,
birdwatching hides, a lookout tower, and hiking trails. Perpendicular to the island, a
10-meter deep gully and a pit 26 meters deep have been created to collect clay-rich
material. It is currently being investigated if sufficient clay-rich material accumulates
in gullies and pits to enable soft clay-rich material to be efficiently dredged to create
future islands. The pace of realizing the remaining 9,000 ha depends on financial
resources. The Marker Wadden project will probably remain work in progress for

years to come.

Figure 1.6. Aerial photograph of the Marker Wadden in February 2018. © Natuurmonumenten/

Straystone.

1.5.3 Research project
There are some innovative challenges involved when fine sediment is used as building

material. To optimally decide on the building design of the wetland it is essential to
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understand factors such as crest stability, consolidation, and soil formation in relation
to this unique building material. Furthermore, insight into how to reduce nature
management is desirable, and so is monitoring the effects of the wetland at a larger
scale - i.e., the Markermeer as a whole. For these reasons, several research projects
have been initiated that vary in size and scope.

In 2014, the research project “Smart Ecosystems” started, funded by the
Netherlands Organization for Scientific Research (NWO) to Utrecht University, Delft
University of Technology and the University of Amsterdam. The stakeholders involved
are Boskalis, Van Oord, Deltares, RoyalHaskoningDHV, Natuurmonumenten,
and Wageningen Environmental Research. This research project consists of three
subprojects that focus on: 1) abiotic-biotic dynamics, 2) ecological and biogeochemical
processes, and 3) integrating biophysics, governance, and ecosystem services. The
overall aim is to identify and understand the non-linearities and feedbacks that occur
in the transition from mud to a wetland system. This dissertation presents the findings

of the second subproject within the NWO Smart Ecosystems research project.

1.6 THESIS SCOPE, RESEARCH OBJECTIVES, AND OUTLINE

As outlined in section 1.2, building with sand is becoming costlier and sand demand
will rise in the future as a result of rapid urbanization (Torres et al., 2017). A potential
alternative to sand is fine sediment, which is sufficiently available in many river delta
regions (Jalowska et al., 2017; McKee et al., 2004). However, potential problems arise
when fine sediments are used as building material for the wetland. Wetland plants
must establish and the material needs to consolidate sufficiently fast to promote soil
formation and prevent erosion by wind and wave action. In ecological engineering
projects in particular, it is important to identify ecological processes and ecosystem
engineers that interfere with consolidation, succession, and soil formation (e.g.,
Mitsch et al., 1998; Jones et al., 1994). At this moment, there is insufficient knowledge
of the biogeochemical and wetland ecological mechanisms that control ecosystem
development on artificial wetland built from fine sediment. To optimize the design of
the eco-engineering project in lake Markermeer, knowledge about such mechanisms

is essential.
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The general aim of the research described in this thesis was to understand how
biogeochemical and wetland ecological processes interact to enhance ecosystem
development on wetlands built from soft clay-rich material (Figure 1.7). The results
will be gathered in a toolbox for stakeholders involved in the construction and
management of the Marker Wadden, including the findings of the other two
subprojects. Hopefully, the knowledge generated from this subproject will be of help:
1) for improving the design of the eco-engineering project when the Marker Wadden
is expanded with more islands, 2) when designing nature management practices for
the Marker Wadden, and 3) for exporting the concept of this Building with Nature

project to other countries.

Specifically, the objectives of the research described in this thesis were to determine:

1. Important biogeochemical processes in mud aeration and feedback mechanisms
between plant and soil (Chapter 2),

2. The effects of indirect iron toxicity in terms of nutrient stoichiometry and biomass
production for three wetland plant species (Chapter 3),

3. How the hydrological regime in relation to sediment type interferes with ecosystem
development (Chapter 4),

4. To what extent Phragmites australis enhances the consolidation of the soft clay-rich
layer (Chapter 5),

5. The influence of bioturbators on the nutrient availability in porewater and surface

water in the littoral zone of the wetlands (Chapter 6).

A combination of greenhouse and laboratory experiments was conducted to address
the research objectives mentioned above. In addition, some measured data from
these experiments formed important input for subsequent analysis in a modeling
environment. In Chapter 2, the geochemical composition of the building material of
the wetlands is investigated in relation to plant development. The resulting knowledge
formed a solid basis for follow-up experiments. This chapter describes biogeochemical
plant - soil feedback processes that occur when oxidation, drying, and modification by
Phragmites australis alter the biogeochemical conditions of Markermeer sediments, in

turn affecting vegetation development. It also reports on how P. australis eco-engineers
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its environment by expediting biogeochemical processes in the sediment. The iron-
toxicity hypothesis posed in Chapter 2 was tested with a follow-up experiment
described in Chapter 3. The follow-up experiment aimed to link initial plant
development of three wetland species in iron-rich sediments to the concentration
of nutrients, iron, and iron-bound phosphorus, as well as to the type of iron plaque
formed on the roots. Furthermore, stoichiometric effects in both leaves and roots as a
consequence of iron precipitation on roots were studied. Longer-term effects of plant
development in the clay-rich sediments from Markermeer are described in Chapter 4.
A two-year mesocosm experiment with P. australis and Rumex maritimus addressed
the effects of periodic inundation and of sediment type on ecosystem functioning
in terms of nutrient availability. Special attention was paid to optimal conditions for
the development of P. australis, as this is the intended ecosystem engineer on the
wetlands (Boskalis, 2015). Chapter 5 shifts away from plant development and nutrient
availability and focuses on consolidation. Enhancing consolidation is important to
combat soil erosion and accelerate ecosystem development. This chapter presents
the work of a joint experiment with Delft University of Technology. In a controlled
column experiment we studied how P australis acts as an ecosystem engineer
that enhances drainage in soft clay-rich sediment, thereby promoting sediment
consolidation. Finally, Chapter 6 explores processes below water: the potential of
bioturbating Tubificidae to alter biogeochemical processes by sediment aeration
is investigated, especially in terms of nutrient availability in pore water and surface

water.
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Figure 1.7. Different processes and several parts of a wetland system are covered in this thesis.
Chapters 2 and 3 focus on effects of aeration and oxidation processes — including iron toxicity
- initiated by plants (yellow: terrestrial zone), Chapter 4 focuses on hydrological regimes and
their effects on nutrient availability (green: land - water zone), Chapter 5 on consolidation
effects via enhanced drainage (red: terrestrial zone) and Chapter 6 focuses on aeration effects

via bioturbating Tubificidae (blue: aquatic zone).
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ABSTRACT

Interest is growing in using soft sediment as a foundation in eco-engineering projects.
Wetland construction in the Dutch lake Markermeer is an example: here, dredging
some of the clay-rich lake-bed sediment and using it to construct wetland will soon
begin. Natural processes will be utilized during and after construction to accelerate
ecosystem development. Knowing that plants can eco-engineer their environment via
positive or negative biogeochemical plant - soil feedbacks, we conducted a 6-month
greenhouse experiment to identify the key biogeochemical processes in the mud
when Phragmites australis is used as an eco-engineering species. We applied inverse
biogeochemical modeling to link observed changes in pore water composition to
biogeochemical processes. Two months after transplantation we observed reduced
plant growth and shriveling and yellowing of foliage. The N:P ratios of the plant tissue
were low and these were affected not by hampered uptake of N, but by enhanced
uptake of P. Subsequent analyses revealed high Fe concentrations in the leaves
and roots. Sulfate concentrations rose drastically in our experiment due to pyrite
oxidation; as reduction of sulfate will decouple Fe-P in reducing conditions, we argue
that plant-induced iron toxicity hampered plant growth, forming a negative feedback
loop, while simultaneously there was a positive feedback loop, as iron toxicity
promotes P mobilization as a result of reduced conditions through root death, thereby
stimulating plant growth and regeneration. Given these two feedback mechanisms,
we propose the use of Fe-tolerant species rather than species that thrive in N-limited
conditions. The results presented in this study demonstrate the importance of studying
the biogeochemical properties of the situated sediment and the feedback mechanisms

between plant and soil prior to finalizing the design of the eco-engineering project.
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21 INTRODUCTION

Nowadays, natural processes are being used across the world to achieve fast ecosystem
development while at the same time providing opportunities for developing hydraulic
infrastructure, a concept called Building with Nature (BwN) (Temmerman et al.,
2013). Though mostly focused on water safety and coastal protection (e.g., Borsje et
al,, 2011), BWN can also be applied to the management of fine sediments. A relevant
application could be to use soft sediments as material for building freshwater
wetlands. Here, vegetation can be used as an eco-engineer (Jones et al., 1994) to
modify the environment (Lambers et al., 2009). When fine sediments are used for
the construction of wetlands, however, the use of eco-engineers is anticipated to pose
challenges in relation to crest stability, consolidation and soil formation.

In the Netherlands, a soft, clay-rich lake-bed sediment is causing serious turbidity
problems in the Markermeer (an artificial lake of 691 km®): primary productivity is
impeded and biodiversity in the lake is declining (Vijverberg et al., 2011; Noordhuis
et al,, 2014). Because the lake is shallow, wind-induced waves frequently induce high
bed shear stress, which causes sediment to be resuspended (Vijverberg et al., 2011).
To improve the ecological conditions in the lake, plans are underway to dredge some
of the soft, clay-rich sediment and use it to construct approximately 10,000 ha of
wetlands.

Plants produce root exudates, which influence soil formation by enhancing
microbiological activity (Holtkamp et al., 2011), biological weathering and nutrient
cycling (Taylor et al., 2009; Bradford et al., 2013). An example is the ability of plant
roots to mobilize P by ligand exchange and dissolution of Fe-bound P (Fe-P) by citrate
and oxalate excretion (Gerke et al., 2000). Plant roots may also enhance consolidation
processes in substrate by increasing horizontal and vertical drainage (O’Kelly, 2006).

However, both negative and positive plant — soil feedbacks exist, in which the
physical and chemical properties of the soil affect plant development and vice versa
(Ehrenfeld et al., 2005). Therefore, when looking at soil formation, it is important
to study the signs and strengths of these plant - soil feedback mechanisms. For
example, nutrient conditions codetermine the type of plant community that develops
(e.g., Olde Venterink, 2011), which in turn influences the nutrient conditions in the

soil itself (Onipchenko et al., 2001). As feedback mechanisms differ between plant
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species (Ehrenfeld et al., 2005), it is essential to determine which eco-engineer is most
appropriate for accelerating ecosystem development in these sediments.

De Lucas Pardo (2014) found that the Markermeer mud deposits had a high water
content (20 — 60% of fresh weight) and were largely anoxic, with oxygen present only
in the top 2 mm. Therefore, when such mud is taken from the lake and spread out
in contact with the air, biogeochemical plant - soil processes related to oxidation
and drying of the top soil are expected to play a significant role. Two types of clay-
rich deposits are the intended sediment for the wetland. Their composition is the
product of a combination of historical and present-day factors. Prior to 1932, the year
in which the dam cutting off the Zuiderzee from the North Sea was completed, this
was a marine environment into which several rivers discharged, including a branch
of the River Rhine (the River IJssel). Hence, a near-shore marine deposit underlies
the present-day soft, clay-rich sediment. This soft, clay-rich layer is produced by
bioturbation and physical weathering and continuously resuspends as a result of wave
action (Van Kessel et al., 2008; De Lucas Pardo et al., 2013). This layer accumulated
after 1976, when northward sediment transport was blocked by a second dam that
separated Markermeer from IJsselmeer, thus allowing suspended matter to resettle on
top of the marine deposit. We can therefore distinguish two layers: an upper disturbed
mud layer prone to bioturbation and erosion and a relatively undisturbed layer below.

We set up an experiment to monitor the chemical composition of pore water
to identify the biogeochemical plant — soil feedback processes that occur when
oxidation, drying and modification by plants alter the biogeochemical conditions of
these two sediment types, thus in turn affecting vegetation development. Our study
has two subsidiary aims: to ascertain how Phragmites australis eco-engineers its
environment by expediting biogeochemical processes in the deposits, and to simulate
the geochemical differences between disturbed mud and undisturbed clay deposits
and relate these to the processes identified from the pore water by using PHREEQC
(Parkhurst and Appello, 2013) for inverse modeling. In addition, we altered the
grain size of the disturbed mud deposit by adding inert sand to see how grain size
distribution impacts pore water chemistry.

Changes in biogeochemical processes that are related to oxidation are expected

to play a major role as P. australis is known for its high radial oxygen loss (Brix et
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al., 1996; Dickopp et al., 2011; Smith and Luna, 2013). Oxidation of the sediment will
decrease the concentration of phytotoxins typically found in waterlogged soils, such as
iron, and therefore will have a positive effect on plant development. This will be more
pronounced in undisturbed mud, which is largely anoxic, than in disturbed mud, of
which the top layer is already oxidized and where bioturbation modified the sediment.
The type of biogeochemical processes altered will depend on the intrinsic properties

of the different sediment types, which will be examined in this study.

2.2 MATERIAL AND METHODS

2.21 Setup

A greenhouse experiment was conducted for 6 months at the test facility of Utrecht
University. A basin of 4 m* (2 x 2 m) was filled with artificial rainwater and was
refreshed every 2 weeks. At regular intervals, the chemistry of the water was checked
to ensure that the water composition remained stable during the experiment. The
artificial rainwater was made by adding 15 umol NH,(SO,), 50 pmol NaNO, and
30 pmol NaCl to osmosis water. These values reflect the average rainwater composition
in the Netherlands for the period 2012 - 2013 (LMRe, 2014).

The sediments used include the soft, clay-rich layer (Mud_ ) and the underlying,
consolidated, Zuiderzee deposit (Clay). In principle, both sediments have the same
origin and were collected in the same area. We also included a third sediment type
(Mud

1:1 mixture was made by mixing mud with Dorsilit® crystal silica sand (c. 99% SiO,)

na)> @s it is expected that Mud_, will be too soft for constructing wetlands: a
which had been autoclaved for 1 h at 120 ‘C prior to mixing. The sand grains of this
material are 0.3-0.8 mm in diameter, with D, being 0.57 mm. The Mud,, and Clay
sediments were collected by mechanical dredging in the southern part of the lake and
were stored in airtight containers at 4 ‘C prior to the start of the experiment.

Plastic pots (diameter 10 cm, depth 18 cm) with a perforated base were filled
to within 1 cm from the top with one of the three sediment types used (t = o). In
each pot, two soil moisture samplers (Rhizon Flex-5cm; Rhizosphere, Wageningen,
the Netherlands) were installed horizontally at depths of 1 cm and 11 cm below the

sediment surface (these depths are hereafter referred to as D, and D,)), their tips
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reaching 5 cm from the pot wall. The pots stood in rows in the basin. The water level
was maintained at 9 cm so that the sediment at D, remained saturated, while the
sediment at D, could oxidize and dry. Each sediment type had 13 replicates.

Reed seedlings (Phragmites australis) had been grown in nutrient-poor peat and
when 35 - 40 days old (experimental time t = 22 days), a single reed seedling was
planted per pot in eight of the replicates, leaving five replicates unplanted. Any other

seedlings that germinated spontaneously in the pots were removed immediately.

2.2.2 Chemical analysis

Soil moisture at D, and D, was collected from the moisture samplers on days o, 3, 10,
22, 36, 64, 92, 134, and 174 from five of the pots per condition. The samples from the
five replicates were pooled and chemically analyzed. Chloride, NH,, NO,, NO,, and
SO, were determined using ion chromatography (IC); Ca, Fe, K, Mg, Na, P, Si, and
Sr were determined with inductively coupled plasma optical emission spectrometry
(ICP-OES), pH was determined by an ion-specific electrode, and alkalinity was

measured by a classic titration method.

Table 2.1. List of steps used in the extraction procedure of phosphorus (based on Ruttenberg,

1992).
Step Extractant Separated P fraction
| 1M MgCl,, 30 min Exchangeable or loosely sorbed P
2
Il A Citrate-dithionite-bicarbonate (CDB), 8 h Easily reducible or reactive ferric Fe- P
B 1M MgCl,, 30 min
1 A Na acetate buffer (pH 4), 6 h Amorphous apatite and carbonate P
B 1M MgCl,, 30 min
\Y, 1M HCI, 24 h Crystalline apatite and other inorganic P
\Y Ash at 550 °C, 2h; 1M HCI, 24 h Organic P

Sediment samples were collected for each sediment type at t = o and were freeze-
dried and stored anoxically prior to geochemical analysis. The major elements were
determined using ICP-OES following an aqua regia destruction. Total S content
was measured on an elemental CS analyzer and the mineralogical composition was
determined with X-ray diffraction (XRD). A sequential extraction method based on

Ruttenberg (1992) was applied to characterize solid P speciation. The method involves
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five steps (Table 2.1), the first four of which were carried out anoxically. Loss on
ignition (LOI) was determined by slowly heating to 1000 °C. LOI was also used as a
proxy for organic matter content and total carbonates by calculating the weight loss
between 105 and 550 °C for organic matter and the weight loss between 550 and 1000
°C for total carbonates (Howard, 1965). The cation exchange capacity (CEC) of the
sediments was calculated from the organic matter content and the amounts and types
of clay minerals present (Bauer and Velde, 2014).

Fifty seedlings of P. australis randomly chosen from the seedlings grown for the
experiment were used to determine the initial tissue contents of Fe, K, P, and N. Their
roots, shoots and leaves were separated and air-dried. The air-dried material was then
ground and analyzed with total reflection X-ray fluorescence (TXRF) to determine
tissue contents of Fe, K, and P. Nitrogen content was determined on an elemental CN
analyzer. At the end of the experiment (t = 174), the plants in the pots were harvested
and subjected to the same procedure to determine the tissue contents of Fe, K, P, and
N.

2.2.3 Modeling of biogeochemical processes

To identify important biogeochemical processes during the incubation experiments,
we modeled with PHREEQC (Parkhurst and Apello, 2013). PHREEQC modeling
is frequently used in geochemical research focusing on issues of water quality:
examples include investigating mineral weathering in a mountain river (Lecomte et
al,, 2005), deducing geochemical processes in groundwater (Belkhiri et al., 2010) and
investigating the interaction between two aquifers (Carucci et al., 2012). Here, we
applied it to identify biogeochemical plant - soil processes during the oxidation and
natural drying out of the soil.

The model approach is based on mass-balance equations of preselected mineral
phases (reactants). The mineral phases can either precipitate (leave the solution) or
dissolve (enter the solution), and these are expressed in mole transfers. As we only
know the dynamics in concentrations of the pore water, we applied inverse modeling,
in which all possible combinations of the mass-balance equations are accepted within
a range of measured pore water concentrations * 4%. We can simulate infiltration

or evaporation rates from the pore water. Since in freshwater mud deposits, the
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dissolution or precipitation of salts (e.g., NaCl) is negligible and can be ignored, the
change in pore water Cl concentration was used to calculate the amount of water
evaporated or infiltrated.

To enable the model to attribute some of the chemical changes to cation
exchange processes we included an assemblage of exchangers (X): CaX,, FeX,, KX,
MgX,, NaX, and NH X. The sum of this assemblage was defined as CEC calculated
from the sediment composition. CEC is important, since it can buffer some of the
biogeochemical processes in sediments by adsorption or desorption of cations.

We identified three time frames in our models: 1) oxidation and natural drying
out of the soil before the seedlings were transplanted into the pots (t = o — 22 days);
2) initial stage of plant growth (t = 22 - 64 days); and 3) the stage at which roots
started to influence pore water chemistry (t = 64 — 176 days). These time frames were
identified by analyzing the chemical data that were collected. When concentrations at
D, in the planted condition started to deviate from the unplanted condition, this was
seen as a sign that plant roots started to influence pore water chemistry.

Inverse modeling was applied for all combinations (sediment type, plant/no plant
and depth) for each time frame. For every combination, several valid simulations
were found, due to small differences in the amount of mole transfers attributed to the
mineral phases. Here we present the plausible simulation with the least amount of

mole transfers for each combination.

2.2.4 Statistical analysis

Statistical analysis was carried out using the programs R and SPSS. Differences in
sediment, pore water and plant tissue concentrations between sediment treatments
were determined using one-way ANOVA with a Tukey’s honestly significant difference
(HSD) post hoc test. No statistics could be applied to the mineralogical sediment

composition (XRD analysis) due to the absence of replicates.

2.3 RESULTS AND DISCUSSION
First, the three sediment types will be compared in terms of certain geochemical and

mineralogical elements. Next, the composition of the pore water will be introduced
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and will be linked to biogeochemical processes by presenting and discussing the
PHREEQC model simulations. Then, the plant response is presented and discussed
in terms of biomass and plant tissue chemistry. Lastly, the implications for eco-

engineering will be discussed.

2.3.1 A brief comparison between sediment types

Table 2.2 shows the geochemical composition of the disturbed Mud,_; and Mud,, 4
and undisturbed Clay sediments used in this study. The differences between Mud_
and Mud,, , are solely attributable to the presence of inert Dorsilit®.

The total sediment concentrations of Al, Fe, Mg, Mn, Na, P, and Zn were
significantly higher in Clay than in Mud; (p < 0.05). The quartz content was also
higher in Clay, which suggests that there were more reactive minerals in this type of
sediment.

Sequential P extraction revealed that the significant difference in total P consists
of a significantly lower content of Fe-P in Mud,_ than in Clay (279 mg/kg versus 772
mg/kg; p < 0.01). The presence of Fe-P in the anoxic Clay sediment was unexpected, as
in anoxic conditions Fe prefers to bind with S to form FeS,. However, after exhaustion
of S, precipitation of Fe(II) phosphates may occur (Jilbert and Slomp, 2013). Another
possibility is that the reduction of crystalline Fe(III) is not complete in the anoxic
sediment because kinetic processes are slow (Canavan et al., 2007). This is likely
the case in Markermeer, given our strict anoxic procedures for storage and analysis
of the samples. The exchangeable (or loosely sorbed) P was low in Mud,; and Clay,
indicating that only a small part of the total P found in the sediments was readily
available for uptake. The other three P pools were fairly similar and did not differ
significantly between the two types of sediment (p = 0.42 for Ca-bound P; p = 0.11 for
detrital P; and p = 0.94 for organic P).

The mineralogical analysis (XRD) showed not only that the quartz content was
lower in Mud_; than in Clay (37% versus 48%) but that the amounts of calcite and
pyrite did not differ between the two types of sediment (9% calcite and 0.6% pyrite).
The amount of phyllosilicates (sum of illite, smectite, kaolinite, and chlorite) was
higher in Mud, ; than in Clay: 43% versus 30%. This must also have caused the CEC
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to be higher in Mud,_, as the organic matter content did not differ much between the
two (7.2% in Mud_, and 6.8% in Clay).

Table 2.2. Geochemical and mineralogical composition of the sediment types used in this

study. Significant differences between Mud, ; and Clay are indicated by * (p < 0.05).

n per Clay Mud,_; Mud,, ,
type

Unit Mean S.D. Mean S.D. Mean S.D.
Aqua regia/CS
Al* mg/kg 15 21989 4512 16593 3130 6394 2439
Ca mg/kg 15 48031 3032 45635 6020 18877 3572
Fe* mg/kg 15 27766 3764 20745 2987 7804 2281
K mg/kg 15 5371 1262 4102 641 1723 742
Mg* mg/kg 15 8041 1017 6636 906 2531 558
Mn* mg/kg 15 710 166 577 160 238 62
Na* mg/kg 15 992 379 526 158 219 64
P* mg/kg 15 1186 217 649 169 259 56
S mg/kg 15 5727 710 5586 698 3001 846
Sr mg/kg 15 148 21 135 26 62 14
Ti mg/kg 15 312 74 312 7 125 44
Zn* mg/kg 15 159 58 110 29 43 18
Seq. P extraction
Exchangeable P mg/kg 15 14.3 6.81 11.9 3.50 5.9 1.79
Fe-bound P* mg/kg 15 772 263 279 61.7 94.5 29.0
Ca-bound P mg/kg 15 146 433 121 30.9 36.8 13.1
Detrital P mg/kg 15 147 16.5 169 14.1 51.5 10.9
Organic P mg/kg 15 99.6 200 117 251 47.7 8.38
XRD
Quartz % 1 48 37 n.a.
Calcite % 1 9 9 n.a
Pyrite % 1 0.6 0.6 n.a.
lllite % 1 15 21 n.a.
Smectite % 1 11 14 n.a.
Kaolinite % 1 3 5 n.a
Chlorite % 1 2 3 n.a
Other
Organic matter % 5 6.7 0.6 7.2 0.6 2.8 0.4

CEC (calculated) meq/100g 30.0 37.2 124
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2.3.2 Pore water composition

Figure 2.1 presents time series for the pore water concentrations of the three
macronutrients N, P, and K. The initial decrease in NH, and increase in NO, at a
depth D, for the planted conditions was most likely caused by nitrification as a result
of oxidation (Figure 2.1a — f). At the end of the experiment, almost all dissolved
inorganic nitrogen had been removed from the pore water in the pots with plants,
whereas in the pots without plants, the NH, concentrations remained substantial.
Furthermore, a high peak in NO, was observed in Clay sediments at day 10 of the

experiment. At a depth D, ,, no large changes were found in general for NH, and NO,.

A sharp decline in soluble P was visible at D, for all three sediments, probably
because P precipitated with Fe(III) when oxygen penetrated the top layer (Figure
2.1g - i). However, in Clay this decline was preceded by an increase in P. After
several weeks, a thin moss layer started to develop on top of the Mud_, sediment,
which probably prevented oxygen from penetrating and thereby increased the P
concentrations (Figure 2.1g). Similar developments were observed for Mud, ,
although here the moss layer developed much later. In Clay, no moss grew throughout
the experiment.

Concentrations of K were higher than concentrations of N and P and increased in
the first few weeks (Figure 2.1j - 1). No difference was found between pots at D, with
or without plants. However, K was significantly higher at D, in the planted pots with
Mud,, , (p < 0.05).

Although it may be important to study measured concentrations of nutrients
in pore water in order to understand plant functioning, deriving biogeochemical
processes from measured data is problematic as changes in pore water can be caused
by multiple processes such as drying, dilution, dissolution and precipitation. Figure
2.2 reveals that the drying of soils at D, was probably an important factor because we
observed an initial increase in Cl that indicated that CI could not dissolve in the three
sediments used (e.g., halite dissolution). Drying will have influenced other variables as
well, such as sulfate (Figure 2.2d - f). Comparing the patterns of Cl and SO, suggests

that the change in SO, concentrations at D, should be partly attributed to drying out
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Figure 2.1. Time series of NH, (a-c), NO, (d-f), P (g-i), and K (j-1) concentrations. Each
column represents one sediment type: Mud, ; (a, d, g, j), Mud,, 4 (b, &, h, k), and Clay (c, £, i, 1).

The variable and the scale of the x-axis are the same for each row, except for the scale in f.
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of soils and partly either to dissolution (e.g., pyrite oxidation) or to precipitation (e.g.,
gypsum formation). This highlights the need to use geochemical reaction models like

PHREEQC to inversely derive biogeochemical processes from measured data
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Figure 2.2. Time series of Cl (a—c) and SO, (d-f) concentrations. Each column represents one
sediment type: Mud,_; (a, d), Mud,,, (b, e), and Clay (c, f). The variable and the scale of the

x-axis are the same for each row.

2.3.3 Pore water processes (PHREEQC model simulations)

The main pore water processes modeled by PHREEQC are presented in Table 2.3.
For clarity, only major reactants are included in this Table. Supplementary Tables A1
and A2 present mole transfers for all reactants used, as well as the number of valid

simulations per combination found.
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Phase 1: oxidation and drying (t = 0 — 22 days)

As discussed in section 3.2, initial drying of soils occurred at D, immediately after

exposure to air. In the model, this is illustrated by high evaporation rates expressed as
H,O loss (2300 - 3400 mmol I day™; Table 2.3). The model accounts for this loss by
adjusting the solution fractions before calculating other mole transfers.

Exposure to air also leads to oxidation, more so at D, than at D  (Table 2.3).
The increase in measured sulfate is partly explained as pyrite oxidation
(109 - 270 umol I day™ for D, and 20.1 - 36.2 pmol 1" day™ for D, respectively).
Oxidation of pyrite also produces iron oxyhydroxides and protons, which in turn
promotes the dissolution of calcite. The overall reactions are

FeS, +3.750, + 3.5H,0 — Fe(OH), + 250, + 4H" (1)

followed by calcite dissolution
CaCO, + H"—> Ca* + HCO; (2)

The mole transfers for pyrite and calcite presented in Table 2.3 indicate that not
enough calcite is dissolved to buffer all H* produced by dissolution of pyrite. Indeed,
a drop in pH was observed at the beginning of the experiment (not shown). However,
the mineralogical composition presented in Table 2.2 shows that the amount of calcite
(9%; 900 mmol) far exceeds that of pyrite (0.6%; 50 mmol). These numbers suggest
that even if all pyrite were to be oxidized, enough calcite is present to buffer all H*

these values are lower due to mixing with

sand

produced (200 mmol). Note that for Mud
Dorsilit®.

Some aeration occurred at D, . The O, fluxes ranged between 61 and
119 umol 1" day’ which resulted in small amounts of pyrite being oxidized
(20 - 36 pmol 1" day’). However, sulfate concentrations did not rise, as a result
of subsequent precipitation with Ca to form gypsum (53 - 73 pmol 1" day™).
Furthermore, the CEC of the sediments buffered some processes in pore water
chemistry by net adsorption of cations at D, and net desorption at D .

The processes described above occurred in all three sediments, although oxidation
was higher in Mud_ than in Mud__, and Clay, probably because higher evaporation

rates in Mud, , enhanced oxidation and affected other reactants related to oxidation.
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Phase 2: initial stage of plant growth (t = 22 — 64 days)

While the pore water compositions did not show clear differences between unplanted

and planted conditions during the initial stage of plant growth, the inverse modeling
provided clear evidence for differences at D . However, chemical differences
between unplanted and planted conditions for Mud,, , might simply be attributed to
concentration/dilution due to H,O loss/gain (-996 to 380 mmol I day™).

Overall, more pyrite was oxidized in the planted conditions, though the rates
are much lower than in the first phase (o - 64.3 pmol 1" day™). This observation
provides evidence that plants may enhance pyrite oxidation by radial oxygen loss
(i.e., root aeration). Ferric oxide production on pyrite surfaces probably impeded
further oxidation of pyrite, which is a common phenomenon in carbonate-buftered
conditions (Nicholson et al., 1990). Indeed, the total pyrite that had oxidized after
64 days (6.3 mmol for Mud,_ g, 2.5 mmol for Mud,,_, and 6.2 mmol for Clay, calculated
from the rates presented in Table 2.3) corresponds to a small fraction of total pyrite
present (50 mmol).

Saturation with gypsum led to precipitation of SO, and Ca at D,. Table 2.3 shows
that with the exception of Mud,, , mole transfers were lower for planted conditions;
the probable reason is that citric acid production by root tips retarded gypsum

precipitation (Prisciandaro et al., 2005). This process was not relevant at D, as here

aeration (and subsequent sulfate production) by plant roots was minor (in the case of
Clay) or absent (in the case of Mud, ; and Mud,, ,).

The thin moss layer that started to develop after several weeks in the unplanted
condition on top of the Mud , sediment slowed down the aeration rate to
2.62 pmol 1" day™ and might be the reason for the moderate increase in P, which
probably resulted from Fe(OH), dissolution (0.95 wmol I" day™) (Figure 2.1g,

Table 2.3).

Phase 3: root influence (t = 64 — 176 days)

Phase 3 took place in the autumn, when temperatures were lower and therefore the

soils did not dry out; hence there was a net gain in H O. The gain was less in planted

conditions, due to the uptake of water by roots.
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The fully grown plants continued to influence pore water chemistry at D, but in
the unplanted conditions the chemical changes were minor (Table 2.3). Radial oxygen
loss continued the oxidation processes described in the previous sections. It should be
noted that P. australis is known to have higher radial oxygen loss than other wetland
species (Brix et al., 1996; Dickopp et al., 2011; Smith and Luna, 2013), so the aeration
effect found in this study cannot be assumed to hold for other species.

In contrast to the previous phase, in phase 3 the influence of roots was clearly
visible at D | for all three sediments. All planted sediments showed increased aeration
and subsequent oxidation of pyrite due to radial oxygen loss, with a notable difference
between Mud_; (lower) and Mud,, ; (higher). This is somewhat surprising, as the
belowground biomass was significantly higher in Mud,_;, (section 3.4). It indicates that
increasing the average grain size by adding sand enhanced aeration, even when root

biomass production was low.

2.3.4 Plant response
Above- and belowground biomass was significantly higher in Mud,; and Clay than
in Mud,, (Figure 2.3; p < 0.02). The difference between the two Mud sediments
cannot be explained by nutrient concentrations in rainwater or light conditions in
the greenhouse, as these were the same for the two sediments. As biomass production
in Mud_,_; was not limited by chemical or biological properties relative to Mud_, it
seems likely that the reason for the lower biomass production in Mud,,, is a difference
in physical properties. Voorhees et al. (1975) and Bengough and Mullins (1990)
showed that so-called mechanical impedance (i.e., the resistance to penetration by the
root tip) was higher in loamy sand than in clay, which was attributed to the higher
bulk density of the loamy sand. Therefore, increasing the bulk density of Mud,, by
mixing with sand increased the mechanical impedance, and this might explain the
lower biomass production we observed in Mud,, .
Phragmites australis invested more in its root system than in its shoots and leaves
for all sediments (Figure 2.3; p < 0.01). More investment in roots implies a limitation
of N, P, and/or S (Ericsson, 1995; Shipley and Meziane, 2002). Figures 2.1a — i and
2d - f show that the N and P concentrations were indeed low in the planted conditions

but that SO, was high, which rules out S limitation. During the experiment, we had
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observed reduced plant growth and shriveling and yellowing of foliage 2 months after

transplantation, which might have been caused by nutrient limitation.
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Figure 2.3. Above- and belowground biomass in grams dry weight, with error bars (n =
5). Significant differences between sediment types are indicated by different letters, and

nonsignificant differences are indicated by the same letter.

Figure 2.4 shows the N, P and K contents as well as the N:P ratio for the roots
of P australis at the beginning and end of the experiment for the three sediment
types. The N, P, and K contents in the roots increased in time, while the N:P ratio
clearly decreased. The reduction in N:P ratio from 11 to 2 - 3 suggests N was the
limiting nutrient as an N:P ratio of < 14 in plant tissue is indicative of N limitation
(Koerselman and Meuleman, 1996). However, root N and P concentrations of
P. australis should typically range between 0.64 and 1.04% for N and 0.06-0.13% for P
(Wang et al., 2015). Figure 2.4 shows that the root N and P concentrations were above
these values and that P was particularly high: they were higher by a factor of 5 to 10

(N: 1.14 - 1.63% and P: 0.52 — 0.62%). Hence, the concentrations of these nutrients in
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the roots do not indicate that nutrient limitation is a likely cause of the reduced plant

growth and shriveling and yellowing of foliage.
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Figure 2.4. N, P, and K concentration in root tissue (t = 176) in percentage of dry weight (a) as
well as the N:P ratio (b) with error bars when n = 5. Significant differences between sediment
types are indicated by different letters, and nonsignificant differences are indicated by the same

letter.

We hypothesize that coprecipitation of P with Fe on roots enhanced the
concentrations of P in the plant roots (Snowden and Wheeler, 1995; Jorgenson et al.,
2012). Snowden and Wheeler (1995) showed that this so-called iron plaque formation
enhances the uptake of Fe and P. This may cause iron toxicity and is probably
responsible for the elevated P concentrations in tissue and for the stunted growth
and leaf decay we observed in the experiment. Note that the plant roots of P. australis
initiate this process by oxidizing their environment and thereby enabling ferrous iron

to oxidize into P-bearing ferric iron, which precipitates on roots.
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The Fe concentration in the leaves and in the roots supports the “Fe-P
coprecipitation hypothesis”: we measured an approximately 20-fold increase by
comparison with the initial concentration in the seedlings (Figure 2.5). Furthermore,
ferric oxide, a product of pyrite oxidation, precipitates on root surfaces (Jorgenson et
al,, 2012), and hence pyrite oxidation in sediments is directly linked to iron toxicity in
plants.

Further evidence to support our hypothesis is provided by the results of the
sequential phosphorus extraction conducted on the sediments: it revealed that
the dominant P pool in the sediments is the Fe-P fraction (Table 2.2). Phosphorus

coprecipitates with Fe on roots if it is bound to ferric oxides.
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Figure 2.5. Fe concentration (% of dry weight) in leaf and root tissue with error bars when
n = 5. Significant differences between sediment types are indicated by different letters, and

nonsignificant differences are indicated by the same letter.
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2.3.5 Implications for eco-engineering

Our results strongly point in the direction of iron toxicity as a major bottleneck
prohibiting the healthy development of P. australis. Since the candidate material for
the construction of the Markermeer wetland has high contents of Fe and Fe-P, we
recommend using Fe-tolerant plant species as test species in the new wetland, rather
than species optimized for growing in N-limited conditions.

Concomitantly with iron toxicity, a high Fe-P content in soil will trigger P
mobilization if that soil is rewetted after having dried out and contains high amounts
of SO, (Smolders and Roelofs, 1993; Lucassen et al., 2005). In some cases, this can
result in elevated levels of sulfide, thereby promoting S toxicity in plants (Lamers et al.,
1998; Van der Welle et al., 2007).

Figure 2.6 summarizes the important feedbacks and processes we expect play
an important role in the clay-rich sediments. Following the feedback loops between
plant and soil, we see a negative feedback loop that arises because plant roots induce
aeration, which promotes iron toxicity, which decreases plant growth and results in
plant death. Also, we see a positive feedback loop, as iron toxicity induces reduction
processes as a result of root death, which leads to P mobilization and hence enhances
plant growth and regeneration. Negative feedback loops diminish or buffer changes,
whereas a positive feedback loop amplifies changes. So, a negative feedback loop
normally stabilizes the system, in our case via the toxic effect of iron oxides on plants,
but plant growth may increase due to the positive feedback loop via P mobilization.
The relative strengths of these two feedback loops and the sensitivity of species to Fe
toxicity determine the ultimate effect on vegetation development in wetlands built
from these sediments.

As drying - rewetting cycles are likely to occur in these future wetlands and since
the Fe-P concentrations in the situated sediment are high, these feedbacks might be an
important factor influencing soil formation and ecosystem development. We therefore
recommend studying the ultimate effects of the use of this material on ecosystem
development by testing with various plant species and drying — rewetting cycles.

Not all environmental factors that potentially interfere with the processes and

feedbacks described in this study could be taken into account with this experimental
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design (e.g., wave action, wind). Therefore, we recommend carrying out experiments

on the wetlands themselves once the crest has stabilized sufficiently.
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Figure 2.6. Most important biogeochemical processes and feedbacks identified in this study.

+ indicates positive feedback, — indicates negative feedback.

2.4 CONCLUSIONS

The results of this study show that plants expedite biogeochemical processes by
oxidizing and modifying their environment, which in turn affects the growth
conditions of the plants. In the mud deposits from Markermeer, the key processes
influencing pore water chemistry are pyrite oxidation and associated calcite
dissolution. The former is especially likely to be important as it is linked to iron

toxicity and P mobilization and thus has the potential to initiate two feedback
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mechanisms between plant and soil. We found strong indications of a negative
feedback loop, where plant-induced iron toxicity is hampering plant growth, and a
positive feedback loop, where iron toxicity promotes P mobilization, enhancing plant
growth. The strength of these feedbacks and the balance between them will play an
important role in regulating eco-engineering conditions for plants.

We found conclusive evidence that the low N:P ratio found in plant tissue was not
caused by N limitation, as the ratio suggests, but probably results from enhanced P
uptake as a result of coprecipitation with Fe on roots.

The magnitudes of the feedback mechanisms are expected to differ between the
sediments used. The soft clay-rich layer has less Fe-P than the underlying clay layer,
and therefore P mobilization is expected to be less in mud. However, when the mud is
mixed with sand, the enhanced aeration due to the change in grain size composition
results in higher oxidation rates, increasing the impact of the positive feedback
mechanisms involving P mobilization and iron toxicity.

To study the effects of iron toxicity and P mobilization in greater detail, we
recommend further testing with different plant species and drying - rewetting cycles.
This is important because we expect these mechanisms to influence soil formation and

ecosystem development in the created wetlands.
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ABSTRACT

Background and Aims: Understanding the potential effects of iron toxicity on plant
development is important when constructing new wetland from iron-rich sediment.
We aim to study plant species-specific effects of iron toxicity when grown in the iron-
rich sediments of lake Markermeer (the Netherlands).

Methods: Using three sediment sources that varied in total Fe and Fe-P concentrations,
we performed a greenhouse experiment to study the development of three wetland
species that differ in their tolerance to iron and utilization capacity of Fe-P:

Rumex maritimus, Phragmites australis and Eupatorium cannabinum.

Results: Phragmites australis was the only species that developed an epidermis-
damaging iron plaque on its roots. Plaque formation mainly depended on the Fe(III)
and Fe-P concentration of the sediment, which led to different nutrient imbalances
in leaves. All three species showed reduced growth compared to the control
substrate, which could not be linked to indirect Fe toxicity. In contrast, direct Fe
toxicity following the uptake of Fe could not be excluded as a mechanism potentially
explaining our results, and this result warrants further examination in longer-term

experiments.

Conclusions: Our results highlight the importance of considering the Fe and Fe-P
availability in sediments, as these properties may constrain plant performance and

delay the development of pioneer ecosystems in wetland construction sites.
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3.1 INTRODUCTION
The concept of ecological engineering is implemented globally nowadays and
aims to use environmental technology that is tuned to ecosystem services (Mitsch
1998; Odum and Odum 2003; Temmerman et al. 2013). Often, plants are used as
ecological engineers as they directly interact with the physical, chemical and biological
components in the soil (Ehrenfeld et al. 2005), thereby potentially facilitating
ecosystem development. Especially when constructing wetlands, the ability of plants
to modify the biogeochemical conditions by radial oxygen loss (ROL) is important as
it enables them to cope with the high concentration of phytotoxins typically found in
these waterlogged soils (e.g. Fe**, Mn**, §") (Blom 1991; Lamers et al. 2012). Especially
in constructed wetlands build from iron-rich sediments, this ability could be an
important characteristic as optimal growing conditions are required for plants to fully
operate as ecological engineers. Several studies showed that the iron availability in
wetland soils is an important factor influencing plant species distribution, owing to
the different strategies of plants to cope with excessive amounts of iron (Snowden and
Wheeler 1995; Van der Welle et al. 2007; Geurts et al. 2009). High iron availability
in soils can lead to direct iron toxicity or indirect iron toxicity in plants. Direct iron
toxicity occurs when an excessive uptake of Fe damages cell structures, leading to
reduced plant growth and injury to foliage (Wheeler et al. 1985; Laan et al. 1991;
Ayeni et al. 2014) whereas indirect iron toxicity occurs when iron precipitates on roots,
forming an iron plaque that acts as a barrier against iron (Snowden and Wheeler
1995; Tripathi et al. 2014). Although indirect iron toxicity is an exclusion mechanism
that prevents the excessive uptake of iron - i.e., direct iron toxicity - it also inhibits
nutrient uptake by damaging the epidermis surface of roots (Jorgenson et al. 2013).
For example, Snowden and Wheeler (1995) found that increased iron concentrations
in the soil induced a stronger decrease in shoot N concentrations than in root N
concentrations, whereas the opposite was found for potassium (K). Hence, uptake
and translocation mechanisms are affected in different ways depending on the type of
nutrient.

The type of iron plaque that precipitates on plant roots also determines the plant

response to indirect iron toxicity, especially with respect to phosphorus (P) uptake.
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Iron can precipitate with P, forming a yellow-grey colored plaque, or without P,
forming an ochreous colored plaque (Snowden and Wheeler 1995). Plants that favor
co-precipitation of P induce a higher uptake of P but severely reduce translocation of
P, leading to more phosphorus stress in the shoot (Snowden and Wheeler 1995; Xu et
al. 2009). However, little is known about the relationship between the composition of
iron in sediments and the type of iron plaque formed on the roots.

Studying how plants respond to direct and indirect iron toxicity is important
if iron-rich sediments are used as a foundation for newly constructed wetlands.
Sufficient plant growth is a prerequisite for vegetation to act as ecological engineers
and speed up the development of these ecosystems. Wetland construction in lake
Markermeer, an artificial lake in the Netherlands located northeast of Amsterdam, is

an example. See Figure 3.1a for an artistic impression of these wetlands.

Figure 3.1. An artistic impression of the Marker Wadden design (a). The Marker Wadden

should improve the ecological conditions in the lake by decreasing the present turbidity in

Markermeer - right of embankment (b). © Vista landschapsarchitectuur en stedenbouw.

Nowadays, a soft, clay-rich layer is causing serious turbidity problems in lake
Markermeer. The soft clay-rich layer is produced by bioturbation and physical
weathering and continuously resuspends as a result of wave action (Van Kessel
et al. 2008; Vijverberg et al. 2011; De Lucas Pardo et al. 2013). From an ecological
point of view, removing the soft clay-rich layer is necessary as it is causing serious
turbidity problems (Figure 3.1b) with severe consequences for the lake’s biodiversity
(Noordhuis et al. 2014). To improve the ecological conditions, it is planned to dredge

a part of the soft clay-rich lake-bed sediment and use this as a building material in
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constructing approximately 10,000 ha of wetland. In an earlier study, Saaltink et al.
(2016) found that the soft, clay-rich layer contains significant amounts of pyrite
(FeS,) and iron-bound phosphorus and they hypothesized that the main bottleneck
preventing prompt development of ecosystems within the newly constructed wetland
sites could be a form of iron toxicity. H