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Abstract

This study investigates the potential of bioturbating Tubificidae to alter biogeochemical processes by sediment aeration in
order to enhance ecosystem development in eco-engineering projects. We introduced Tubificidae in three different densities
(5000, 15,000, and 30,000 individuals m_z) in clay-rich sediment from lake Markermeer (The Netherlands). Redox poten-
tial, nutrients and major elements were measured from the water column and porewater at different depths. Mineral phase
and redox transfers were chemically modelled and oxygen concentrations in bioturbated sediments for each density were
mathematically predicted. The measured results of this experiment showed that Tubificidae oxygenated the upper 15 mm of
the sediment. This resulted in decomposition of sedimentary organic matter with an associated sixfold increase in NH, and
NO, concentrations in the porewater and the water column. However, phosphorus concentrations were declining in the upper
16 mm, likely as a result of immobilization by pyrite oxidation and production of iron oxides. These bioturbation effects were
highest in the treatment with an intermediate density of Tubificidae (15,000 worms m~2) as aeration effects in the treatment
with the highest density of Tubificidae (30,000 worms m~2) was impeded by high respiration rates. Furthermore, with a
two dimensional diffusion model, simulated effects of respiration and aeration on the oxygen concentration in the sediment
suggest that the bioturbation effect is strongest at a density of 12,000 worms m~2. In ecological engineering projects where
fast ecosystem development is important, introducing Tubificidae to aquatic sediments to optimal densities might enhance
initial ecosystem development due to improved availability of nitrogen as nutrient.
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Introduction

Bioturbation in aquatic sediments play an important role in
regulating geochemical cycling in lakes, rivers and estuar-
ies (Mermillod-Blondin and Rosenberg 2006; Volkenborn
et al. 2007). For example, processes like denitrification,
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nitrification and iron-sulfur cycling are governed by biotur-
bators occupying many lake sediments (e.g. Svensson and
Leonardsson 1996; Svensson et al. 2001; Lagauzere et al.
2011). Moreover, bioturbation also affects sediment porosity
and shear strength, which enhance resuspension of sediment
particles (Krantzberg 1985; Sanford 2008). Thus, enhanced
turbidity levels in lakes can sometimes be associated with
bioturbation activity in the sediment (Krantzberg 1985; De
Lucas Pardo et al. 2013).

The bed sediment of lake Markermeer—a shallow arti-
ficial lake of c. 700 km? in the Netherlands—is occupied
by bioturbating macroinvertebrates (Van Riel et al. 2018).
These bioturbators formed the soft clay-rich layer that is
now covering the bottom of the lake 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
upper few millimeters to centimeters of this layer are in a
dynamic equilibrium with the water column, unfavorably
affecting the lakes turbidity. Furthermore, a decrease in
phosphorus and nitrogen availability reduces primary pro-
ductivity and adds to a decline in biodiversity (Noordhuis
et al. 2014). To improve the ecological conditions in the
lake, an innovative project was initiated in which part of
the soft clay-rich bed will be dredged and used as building
material for approximately 10,000 ha of new wetland within
the lake (currently under construction). However, lake Mark-
ermeer is nutrient limited with low values of nitrate, ammo-
nium and phosphate in the water column (Noordhuis et al.
2014; Ministry of Infrastructure and the Environment 2017).
Hence, ecological development in the littoral zone of these
wetlands may be hampered due to limited availability of
nutrients.

To minimize total expenditure when building these
wetlands, ecological processes will be used to speed up
ecosystem development. This method is called ecological
engineering and aims to use environmental technology that
is tuned to ecosystem services (Mitsch 1998; Odum and
Odum 2003; Temmerman et al. 2013). Because the build-
ing material (i.e. the soft clay-rich layer) is rich in nitrogen
and iron-bound phosphorus (Saaltink et al. 2017), aquatic
macroinvertebrates might be introduced to these sediments
to actively alter processes in the sediment—water interface
and make nutrients available to stimulate plant growth. For
example, filter feeders, like Dreissena burgensis and Dreis-
sena polymorpha, are known to increase phosphorus levels
in the water column by mobilizing phosphorus from sedi-
ment particles (Turner 2010; Ruginis et al. 2014).

Introducing bioturbating invertebrates to sediments can
also be a fruitful method to alter nutrient conditions in the
soil and water column (Hansen and Kristensen 1997). The
soft clay-rich layer in Markermeer contains about 12,800
invertebrates m~2, of which the Annelida comprise about
40% (c. 5000 individuals m~2) (Van Riel et al. 2018). From
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these annelids, c. 3900 individuals m™2 belong to the sub-
class Oligochaeta. Bioturbation implies the physical dis-
placement of particles and water by macrofaunal reworking
and ventilation (Kristensen et al. 2012). This process is also
known as bio-mixing (i.e. solid particle transport) and bio-
irrigation (i.e. solute transport). These types of bioturba-
tion can have opposing effects (Van de Velde and Meysman
2016). Oligochaetes like Tubificidae dig tubes and feed with
their head downwards, ingesting sediment and water, which
pass vertically through the gut and are defaecated as fae-
cal pellets on top of the sediment (Pelegri and Blackburn
1995; Martin et al. 2005). This type of bioturbation is called
conveyor belt transport (Fisher et al. 1980). Additionally,
the Tubificidae move through the sediment, hereby creating
small tubes that extend in different directions in the sedi-
ment. Both types of behavior might be important for trans-
porting nutrients from the sediments to the water column. In
the following, when we use the term bioturbation, we refer
in general to transportation of solutes.

Bioturbating oligochaetes increase the oxygen exchange
over the sediment—water interface via irrigation of burrows,
which leads to a downward movement of the aerobic zone
in the sediment (Krantzberg 1985). These burrows produce
a mosaic of oxic and anoxic interfaces as a result of aeration
and respiration processes (Kristensen 2000). As many of the
biogeochemical processes that occur in saturated sediments
are governed by the availability of oxygen, bioturbation
leads to changes in nutrient availability (Fillos and Swan-
son 1975; Callender and Hammond 1982; Vepraskas et al.
2001). Hansen and Kristensen (1997) found that worm activ-
ity accounted for up to 46% of the observed increase in nutri-
ent concentrations, indicating enhanced microbial activity
in the sediment, which can accelerate the turn-over rate of
nutrients. Schaller (2014) showed that apart from nutrients,
Mg, Ca and Sr were also highly affected by bioturbation,
whereas Al, Fe, Co, Cu, Mn, and Zn were affected only to a
small extent. The above results demonstrate the importance
of bioturbation in geochemical cycling in lake, river and
marine sediments (Volkenborn et al. 2007; Vink 2009).

The overall effect of bioturbators on the biogeochemi-
cal processes depends on the characteristics of the sedi-
ment, environment, and benthic communities which are
involved. To investigate the potential effect of bioturbating
Tubificidae on the nutrient availability in the littoral zone
to be constructed by the soft clay-rich sediment from lake
Markermeer, we need to know how bioturbation alters bio-
geochemical processes in the topsoil. Since the impact of
bioturbation on biogeochemistry depends on bioturbation
activity, we carried out a microcosm experiment with dif-
ferent densities of Tubificidae to identify the effects on bio-
geochemical processes in porewater. We monitored porewa-
ter chemistry at different depths in the soft clay-rich layer
as well as surface water. We hypothesize that bioturbation
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positively influences nitrogen exchange to the water column
by changing the oxidation state of the sediment. However,
we also expect that the altered oxidation state will lead to
immobilization of phosphorus by binding with iron oxides,
as sediments from lake Markermeer are rich in pyrite, which
would be subject to oxidation.

Methods
Experimental set-up

This study was performed with an experimental technique
(EU-patent nos. 1018200/02077121.8, October 2001, J.
Vink, Rijkswaterstaat), which was introduced as Sediment
Or Fauna Incubation Experiment, or SOFIE® (Vink 2002;
http://www.sofie.nl). This sampling device consists of a
circular two-compartment cell (190 mm radius, 200 mm
height). We used two two-compartment SOFIE®-devices
to allow for simultaneous testing of four treatments. Each
compartment was filled with soft sediment from the north-
ern part of lake Markermeer. See Table 1 for the sediment
properties of the soft clay-rich layer used in this study. This
sediment was stored in dark air-tight containers at 4 °C prior
to the start of the experiment. Porewater probes, constructed
from a 0.1 um-permeable polyethersulfone polymer (X-flow
Industries, Almelo, The Netherlands), were installed in
gastight connectors at a depth of 1, 6, 11, 16, 21, 31,41 and
51 mm below sediment surface. In addition, one probe was
installed 9 mm above the sediment surface to extract a sam-
ple from the water column. The probes were positioned in
a circular manner in such a way that no interference among
probes would occur during sampling.

The SOFIE®-devices were placed in a dark, climate-con-
trolled chamber at 12 °C and were incubated for 4 months
to allow stabilization of chemical processes after sediment
disturbance. Two-Ampere electric pulses were applied
biweekly in each compartment in the first 2 months of the
4-month incubation period to clear the sediments of any
macroinvertebrates. After about 6 weeks, no activity related
to bioturbation could be identified in the cells. At the start
of the experiment Tubificidae were added to three of the
four compartments at different densities: 5000, 15,000 and
30,000 Tubificidae per m? surface (these treatments are here-
after referred to as T, T |5, and T5q). These Tubificidae
were bought in The Netherlands (EAN: 4038358100154)
and most likely can be classified as Limnodrilus spp., pre-
sent in varying sizes. The fourth compartment contained no
Tubificidae and thus functioned as our control treatment.
Because Annelids in lake Markermeer occur at densities of
¢. 5000 individual m~2 (Van Riel et al. 2018), the treatments
used in this study allow to analyze differences in chemical

Table 1 Geochemical and mineralogical composition of the sediment
used in this study, with mean concentrations in dry wt with standard
deviations (n=15). Adapted from Saaltink et al. (2018)

Unit n Mud SD
Aqua regial CSICN
Al mg kg™! 5 10,398 219
Ca mg kg™! 5 48,058 1288
Fe mg kg™! 5 14,766 234
K mg kg™ 5 2619 72
Mg mg kg™ 5 5106 135
Mn mg kg 5 360 10
N mg kg ! 5 1611 32
Na mg kg 5 97 34
P mg kg™ 5 361 10
S mg kg™ 5 4513 187
Sr mg kg™ 5 113 3
Ti mg kg ! 5 396 17
Zn mg kg ! 5 130 3
SEq. P extraction
Exchangeable P mg kg™! 5 5 2
Fe-bound P mg kg™! 5 40 10
Ca-bound P mg kg™ 5 89 18
Detrital P mg kg™! 5 158 14
Organic P mg kg™! 5 47 11
Fe as oxides mg kg ! 5 851 39
XRD
Quartz % 1 45.8
Plagioclase % 1 8.2
Alkali feldspar % 1 3.7
Calcite % 1 11.9
Dolomite % 1 2.8
TiO, % 1 0.4
Pyrite % 1 1.0
Phyllosilicates % 1 26.3
Other
Organic matter % 5 4.0 0.1

processes in the sediment with increasing densities of bio-
turbating annelids compared to the field situation.

Sample analysis

Porewater and surface water were collected from the probes
on days 0, 7, 14 and 28. Chloride, NO,, NO; and SO, were
determined using ion chromatography (IC); Ca, Fe, K, Mn,
Na, Si and Sr were determined with Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES), ammo-
nium was determined with the phenol-hypochlorite method
(Helder and De Vries 1979), PO, with the ammonium-hep-
tamolybdate method (Kitson and Mellon 1944) and pH by an
ion-specific electrode. The porewater volume extracted from

@ Springer


http://www.sofie.nl

13 Page4of13

R. M. Saaltink et al.

the rhizons did not exceed 4 ml to minimize the disturbance
of the internal water balance in the sediment. Redox poten-
tials (Eh) were measured with a 1.6 x40 mm needle sensor
(RD-NP, Unisense), inserted through the sediments surface
and 1 mm resolution profiles were made with a microprofil-
ing system (Unisense).

The length of Tubificidae burrows at each depth were
determined from pictures taken at day 7, 14 and 28. A spe-
cific section of the cell wall (3 cm wide, 10 cm long) was
analysed from the photographs. We assume that the Tubifici-
dae densities determined from these photographs are repre-
sentative for the entire cell-compartment. Burrow length was
calculated with SmartRoot in Image J (Lobet et al. 2011),
which is especially designed for analyzing plant roots. As
the contrast between burrow holes and undisturbed sediment
was high enough for the software to make a distinction, we
deemed this method suitable for determining the length of
the burrows.

Statistical analysis

A robust factor analysis was used to determine main rela-
tionships between aqueous concentrations and sediment
properties within the three Tubificidae treatments. This
method was chosen over a classical factor analysis because
direct application of multivariate statistical analysis to
compositional (closed) data might give a wrong impression
(Filzmoser et al. 2009). Compositional variables from the
dataset were first assessed with the isometric logratio trans-
formation (ilr-transformation) (Egozcue et al. 2003). With
these data, a robust estimation was obtained of the covari-
ance matrix, after which the data were back transformed to
the centered logratio (clr) space. This set of transformations
was only done for the variables expressed as concentrations.
Thus, depth and Eh were transformed with a normal logratio
transformation. The transformed dataset was used for the
parameter estimation in factor analysis. For a full descrip-
tion of this method, we refer to Filzmoser et al. (2009). The
modeling script for computing the robust factor analysis is
added in the supplement.

Modelling
Modeling phase transfers and redox transfers

To identify chemical processes that occurred between two
measurement points in time, we used inverse modelling
in the PHREEQC program (Parkhurst and Apello 2013).
Inverse modeling calculates possible mole transfers of min-
erals and gases that explain the change in chemical com-
position of two solutions. The outcome of the PHREEQC
inverse model simulations depends on the (pre)selected min-
eral phases. In this paper, the selected mineral phases are
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based on the mineralogical analysis presented in Table 1 and
on biogeochemical processes identified in the same type of
sediment by Saaltink et al. (2016). The PHREEQC software
is based on mass-balance equations of preselected mineral
phases (reactants). The mineral phases can either precipi-
tate (leave the solution) or dissolve (enter the solution),
expressed in mole transfers. Comparably, gases can either
be consumed or released (leave the solution) or be taken
up (enter the solution). Van der Grift et al. (2016) showed
that iron hydroxyphosphates (FePO,(OH)) can precipitate
upon oxidation in pH-neutral groundwater in presence of
dissolved Fe(II) and PO,. To allow precipitation and dis-
solution of iron hydroxyphosphates, we added this phase to
the PHREEQC database, using the solubility constant after
Luedecke et al. (1989): Log K[Fe, sPO4(OH), s]=—-96.7.
The other mineral phases that we selected for inverse model-
ling are calcite, hydroxyapatite, iron oxyhydroxides, pyrite,
0, (g), CO, (g), and H,0O (g). We applied inverse modeling
between day 0 and 7, day 7 and 14 and day 14 and 28 in
which all possible combinations of the mass-balance equa-
tions are accepted within a range of measured porewater
concentrations + 5%.

To enable the model to attribute some of the chemi-
cal changes to cation-exchange processes, we included an
assemblage of exchangers (X): KX, MgX,, MnX,, NaX and
NH,X. The sum of this assemblage was defined as the cat-
ion-exchange capacity (CEC) calculated from the sediment
composition, which was 30 meq 100 g~! (Saaltink et al.
2016). The cation-exchange capacity is important to take
into account, since it describes the buffering of some of the
chemical processes in sediments by adsorption or desorption
of cations. Likewise, redox transfers are modelled for Fe, N,
O, and S, that can either oxidize or reduce.

Simulations explaining changes in water chemistry via
phase and redox transfers were computed for 6, 21 and
51 mm depth for each treatment. For every situation, 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 smallest
amount of mole transfers. As an example, we have added
the inverse model PHREEQC-script for the T, treatment
between t=0 and t="7 days in the supplement.

Modeling aeration and respiration

An equilibrium 2D diffusion model was created to explain
the combined effect of aeration and respiration by bioturbat-
ing Tubificidae. It is important to note that this equilibrium
model is explaining diffusion and respiration processes in
a general manner, ignoring that in situ many coefficients
in this model would be affected by changing factors such
as temperature of the water, wave action and even the spe-
cies of Tubificidae. Moreover, the model could potentially
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underestimate the aeration potential by bioturbation, as it
excludes two mechanisms: (1) peristaltic-like movements of
Tubificidae that could in theory stimulate water movement
in the tube; and (2) faecal pellet deposition that could result
in passive irrigation of the tubes.

We schematize the role of Tubificidae in the sediment
core as a burrow in the form of a cylinder. Through this bur-
row, oxygen can penetrate easily and is diffused into the sed-
iment from the edge of this burrow, inducing an oxygen-rich
cylinder. However, with increasing number of Tubificidae,
the entire sediment surface becomes occupied and Tubifici-
dae will move around, cross each other and curl together or
fill the voids in between the oxygen-rich cylinders. Hence,
the assumption that the number of Tubificidae scales lin-
ear with aeration is valid up to a critical number of Tubi-
ficidae. We assume that more Tubificidae will not increase
the oxygen content in the sediment anymore. The aerated
sediment volume as a function of the number of Tubifici-
dae will roughly follow a tangent-hyperbolic function, as
shown in Fig. 1b. Tangent-hyperbolic functions effectively
capture many saturation curves that occur in nature (e.g.,
Oates 1985; Walker et al. 2011).

Furthermore, n Tubificidae consume nR; amount of oxy-
gen per unit time, where Ry is the respiration rate per Tubi-
ficidae. Note that nR and Ry reflect average values from
literature; it is likely that these values change continuously
in reality due to changes in activity, stress and water tem-
perature. Depending on the aeration and respiration rate,
the aeration and respiration curves can intersect. Likely, the
oxygen concentration in the sediment initially increases with

(a) 0,,
Aerated sediment I
Tubificidae

- —~
= T A §
o ) o (o Ro | Tg’
| |
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R |
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Ne” he

Fig.1 a Conceptual overview of the aeration processes used in the
model in which O, , is the oxygen flow in the burrow into aerated
sediment, R, is the sediment respiration and R; is the respiration rate
per Tubificidae, b a diagram of the oxygen balance in the sediment:

the number of Tubificidae and then decreases. We presume
that the oxygen concentration yields the balance between
respiration by n. Tubificidae per burrow, and the flow of
oxygen from the ambient water by diffusion (O, ,). This dif-
fusion is governed by the diffusion coefficient D, of ambient
water and the sediment (D). The abovementioned processes
were included in a mathematical model, of which the final
equilibrium equation reads:

Qoo Ry R o
4 24D, T 12F(m)D, T

(0y5) = ey

This mathematical model is extensively explained in the
supplement. Eq. (1) shows that there is an optimum in the
mean oxygen concentration in the sediment ¢O,,) asa
function of the number of Tubificidae n and their burrow
function F(n).

Results
Experimental results
Effects of bioturbation on N, P, and Eh

Figure 2 presents depth profiles of all four treatments at
experimental time t =28 days. The length of the Tubifici-
dae burrows (Fig. 2a) decreased with depth for all three
densities. The Tubificidae density effect on burrow length
between T,5, and T5p was only prevalent in the upper

(b)

1.0 ... aerated sediment volume »”
—— smooth function =
--- required sediment volume I

0.8 .
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0.2 +

0.0 -
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Tubificidae (m?)

the aerated volume as a function of number of Tubificidae, its tan-
gent hyperbolic approximation (F(n)), and the oxic sediment volume
required for the respiration of n Tubificidae
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Fig.2 Measured depth profiles of Tubificidae burrows (cm) (a), PO, (b), NH, (¢) and NO, (d) in mg 17! for the control treatment as well as Ty,

Tsy and T

20 mm (p <0.05), while the burrow length in T, was less
than 75, and T3y, down to 50 mm below sediment surface
(p <0.05).

Marginal changes in PO, concentrations were found
between the treatments (Fig. 2b) (p <0.05 for all treat-
ment combinations, except between the control and T,).
As expected, PO, concentrations increased with increasing
depth as presence of oxygen immobilizes phosphorus in
iron-rich clay sediments. In the Tubificidae treatments, PO,
was immobilized in the upper 11-16 mm, while P immo-
bilization in the control occurred only in the upper 6 mm.
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Nitrogen in the sediment was highly affected by biotur-
bation (Fig. 2 ¢,d). Ammonium concentrations in 7,5, and
T, were higher than in the control (p <0.05 at 6, 11, 16,
21, 31, 41, and 51 mm depth for 75, and p <0.05 at 1, 6,
11, 16, and 21 mm depth for T3y). As with PO,, NH, is
expected to increase with increasing depth, but this is not
the case for T3y, where concentrations were dropping rap-
idly from 30 to 50 mm depth. Moreover, both 75, and T,
showed elevated NH, concentrations in the surface water
compared to the control (0.17 and 1.37 mg 17!, respectively;
p <0.05 for T5,). In all Tubificidae treatments, elevated NO,
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concentrations in the surface water were found (0.61 mg
17! for Ty, 2.54 mg 17! for Ty5,, and 18.3 mg 17! for Typ,)
compared to the control (0.43 mg 17!) (p <0.05 for T}s; and
T5,,)- Nitrate/Nitrite concentrations decreased rapidly with
increasing depth and were almost zero below a depth of
20 mm.

The effect of bioturbation on the redox potential (Eh) is
presented in Fig. 3. Bioturbation resulted in a downward
movement of the shift from oxidized to reduced sedi-
ment conditions, especially at a depth of 16 mm and lower
(»<0.001 for all treatments). The largest shift was seen for
Tsy, while T, and T3, were more or less the same and were
in between the control treatment and 75,. However, T, in
the upper 16 mm decreased the Eh by approximately 30 mV
compared to T, and T5, (p <0.001), likely by high worm
respiration.

These results clearly show that bioturbation by Tubifici-
dae alters Eh and nitrogen concentration in both the pore-
water and surface water significantly, while only a marginal
immobilizing effect was found for PO,.

Aeration and respiration factors related to bioturbation

The summary output of the robust factor analysis for the
three Tubificidae treatments is presented in Table 2. Fac-
tor loadings with explained variance are presented in the
supplement. Both a respiration factor and an aeration fac-
tor by Tubificidae were identified from the relationship
between Eh, burrow length and time. The respiration fac-
tor explained the largest part of the variance in the dataset

—o— Control 4— T5k

T15k —<— T30k

20

Depth (mm)

30

40

50

60 —

f T T T T T 1
-30 0 30 60 90 120 150

Eh (mv)

Fig. 3 Measured depth profile of Eh (mV) for the control treatment as
well as for Ty, T'5, and T

(61.3% in Ts, and Ty, 68.1% in T ) and is described
by an inverse relationship between the burrow length and
time with Eh; as burrow length increases through time, Eh
decreases as a result of oxygen consumption. The second
most important factor is related to aeration by Tubificidae
and is described by a positive relationship of time, bur-
row length and Eh. This aeration factor is largest for 7’5,
(27.4%), followed by T, (25.8%). However, this factor
was absent in T;,, most likely due to high oxygen con-
sumption, as it is expected that total respiration scales lin-
early with the number of Tubificidae in the sediment. The
results of this analysis suggest that the respiration effect
was largest in T, while the aeration effect was largest in
T,s., in line with the hypothesis presented in “Modeling
aeration and respiration”.

Modeled results
Effects of bioturbation on phase and redox transfers

Main phase and redox transfers at 6, 21 and 51 mm depth
are depicted in Table 3. The models show that dissolu-
tion of calcite (CaCO;) and pyrite (FeS,) and precipitation
of iron hydroxyphosphate (FePO,) are important phase
changes in the sediments with Tubificidae, suggesting
that sediment aeration caused by bioturbation initiated
these processes. The occurrence of these three processes
together makes sense as oxidation of pyrite immobilizes
phosphate by producing PO,-bearing Fe hydroxides, sul-
fate and protons, in turn promoting dissolution of calcite.
This potentially affect bioturbation activity and speciation
of chemical compounds. Dissolution and precipitation of
apatite (Cas(PO,);OH) and iron(III) hydroxide (Fe(OH),)
were less important and these processes also occurred in
the control (Table 3).

When analyzing respiration and aeration effects on biotur-
bation, modeling redox transfers can give valuable informa-
tion. As expected, the net redox transfer in the control treat-
ment is low at all three depths (Table 3). In the first week of
the experiment, a positive net change in redox transfers was
observed in all Tubificidae treatments (191 pmol electrons
17! day~! in Ts, at 21 mm depth; 152 umol electrons 17!
day~'in T\5, at 6 mm depth; 88 pmol electrons 1~ day™!
in Ty, at 21 mm depth). After the first week, the net redox
change remained positive for T, and 75, and became nega-
tive for T, except at 51 mm, where the net redox change
became negative after 2 weeks.

The findings presented in Table 3 suggest that several
chemical processes are altered by bioturbation. In line with
Fig. 3 and Table 2, inversely modeling of redox transfers
showed that there is a net oxidation effect for 7, and 75,
while a net reduction effect was found for Ty,
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Table 2 Output of robust factor analysis for the four treatments used in this study

Factor % of Sign. positive loadings Sign. negative loadings Interpretation
explained
variance

T,

1 61.3 r>0.7 Cl, Mg, Na, Sr, K, SO, pH, Ca, Si, Fe, Eh  r<—-0.7 Time Respiration by Tubificidae
r>0.5 NO, r<—0.5 Burrows

2 25.8 r>0.7 Depth, PO,, NH, r<—0.7 Burrows Aeration by Tubificidae
r>0.5 Mn,Fe r<—0.5 Time, Eh

3 4.4 r>0.7 r<—0.7
r>0.5 r<—05 Mn

Tys¢

1 61.3 r>0.7 Cl, Na, Mg, SO,, Sr, K, Si, pH, Ca, Fe r<—0.7 Time, burrows Respiration by Tubificidae
r>0.5 Eh r<—0.5

2 27.4 r>0.7 Mn, NH,, PO,, Depth r<-0.7 NO, Aeration by Tubificidae
r>0.5 r<—0.5 Burrows, time, Eh

3 5 r>0.7 r<—0.7
r>0.5 Eh r<—0.5

Ty

1 68.1 r>0.7 Cl, SO, Mg, Na, Sr, pH, K, Ca, Fe, Si, Mn r<—0.7 Time, burrows Respiration by Tubificidae
r>0.5 Eh r<—0.5

2 20.6 r>0.7 NO, r<-=0.7 PO, depth Depth effect; NO
r>0.5 Eh r<—0.5 Mn

3 6.1 r>0.7 r<—0.7 NH,
r>0.5 r<—0.5

A distinction is made between positive and negative loadings. Loading coefficients (r) between 0.5 and — 0.5 are not shown

Computed oxygen concentrations in bioturbated
sediments

The aforementioned results show that bioturbation results
in aeration of the sediments. However, due to respiration
by Tubificidae, the net aeration depends on the number of
Tubificidae per unit area. This was modeled, assuming that
the relation between the number of Tubificidae and aerated
sediment volume follows a tangent-hyperbolic function.
From the aerated sediment volume for the three Tubifici-
dae densities used in this experiment, this relation could be
calibrated, yielding V=0.80 tanh (n). With this function
and the parameter input presented in Table 4, the oxygen
concentration in the sediment for a given Tubificidae density
was modeled using Eq. (1). Figure 4b presents the computed
oxygen concentration for Tubificidae densities between O
and 40,000 individuals m~2, showing an optimum at 12,000
individuals m~2 with an oxygen concentration of 0.85 mg
17! at 1 cm depth. The O, concentration quickly decreases
with increasing depth, becoming zero below 3 cm depth.
Moreover, these results show that there is an aeration effect
at 1 cm depth with a Tubificidae density between 4000 and
32,000 individuals m~2. However, as already outlined, the
model is simplified in such a way that some variables (e.g.

@ Springer

water temperature and associated changes in oxygen concen-
tration in ambient water) are kept constant, which do change
in reality. In supplementary Fig. 2, the effect of changing
oxygen concentrations in ambient water—driven by seasonal
changes in temperature—on the oxidation effect by Tubifi-
cidae is elaborated.

This model output explains the results presented in
“Experimental results”and “Modeled results” by showing
that T' 5, is closest to the optimal aeration effect. It further-
more explains why reduced conditions are found in all treat-
ments below a depth of 33 mm (Fig. 3).

Discussion

This study shows that bioturbation by Tubificidae effectively
aerated the upper layer of the sediment. The largest aera-
tion effect was discerned at a density of 15,000 worms m~2.
This becomes evident from our experiment (Fig. 3), where
a downward movement of the shift from oxidized to reduced
sediment conditions is apparent at a depth of 16 mm and
lower. Moreover, both the factor analysis and the modeled
redox transfers suggest highest aeration effects in the 7’5,

treatment (Tables 3, 4). This conclusion is further supported
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Table 3 Phase and redox changes expressed in mole transfers (umol 17! day™!) as modeled by PHREEQC

Treatment Depth Phase transfers Redox transfers
Fe(OH);  FePO, CaCO; CaPO, FeS, Cco, Fe N o S YRedox
Depth: 6 mm
Control Day 0-7 0.6 -0.3 -0.6 0.1 -0.1 0.0
Day 7-14 -0.2 0.2 -0.2 -0.2
Day 14-28 -0.4
Ty Day 0-7 0.1
Day 7-14 0.3 1.3 1.7
Day 14-28 26 25 -26 0.8 181 51 232
T s Day 0-7 -9.1 32 2.6 22 -32 -23 2.0 173 152
Day 7-14 0.4 0.2 -0.1 2.1 0.7 3.0
Day 14-28 =51 17 1.7 13 -17 -13 -0.2 96 26 108
Taox Day 0-7 -23 23 53 -23 -39 16 102 11 125
Day 7-14 0.1 -1.4 -0.4 1.0 -54 =28 =75
Day 14-28 -15 2.1 -23 -4.0 43 -2.1
Depth: 21 mm
Control Day 0-7 -1.8 4.1 -13 -4.1 -4.2 =05 -4.8
Day 7-14
Day 14-28 -0.1 0.2 -0.2 0.1 -0.1 -03
T Day 0-7 -8.2 28 33 22 -28 -21 0.9 167 44 191
Day 7-14 -34 12 8.5 -12 -85 -15 58 17 65
Day 14-28 0.3 1.3 1.7
Tisic Day 0-7 -09 12 5.1 -12 -23 4.6 57 10 68
Day 7-14
Day 14-28 0.2 -0.3 0.0 -0.4
Tsox Day 0-7 17 14 -17 0.1 15 70 2.7 88
Day 7-14 -15 0.1 -20 =79 -9.8
Day 14-28 -0.8 0.3 -44 -4.1
Depth: 51 mm
Control Day 0-7
Day 7-14
Day 14-28 -04
Ty Day 0-7
Day 7-14
Day 14-28 0.6 25 32
T sk Day 0-7
Day 7-14 0.0 0.8 32 4.0
Day 14-28 -39 13 9.3 —13 -9.7 -2.1 61 50
T30k Day 0-7
Day 7-14 1.1 0.9 11 22 14
Day 14-28 -0.6 -23 -29

Positive values indicate dissolution for minerals and uptake for gases, negative values indicate precipitation for minerals and release for gases

by the model outcomes of the respiration and oxidation rates
of bioturbating Tubificidae (Fig. 4). That model predicts an
optimum of 12,000 worms m~2, which is close to the T s,
treatment in our experiment. Furthermore, the model showed
that the effect of bioturbation on oxidation first increases
with increasing densities and then, after the optimum den-
sity of 12,000 worms m~2 is exceeded, the aeration effect of

Tubificidae diminishes as burrows start overlapping geomet-
rically, while the respiration rate per worm stays the same.
These opposing mechanisms explain why oxygen concen-
trations follows an optimum curve with increasing worm
density. Likewise, these mechanisms also explain why Eh
values decreased in the upper 16 mm in the T;; treatment
(Fig. 3) and why no aeration effect was distinguished by
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Table 4 Input parameters to model the mean oxygen concentration <O, ( (mg 17> in the sediment

Parameter Description Value/function Source
0,, Oxygen concentration in ambient water 11.5mg 1! Ministry of Infrastructure and the Environment (2017)
n Number of Tubificidae 5k, 15k, 30 k m? From experiment
Ry Respiration rate per Tubificidae 0.0250 mg hr™! Fowler and Goodnight (1965), Lou et al. (2013)
F(n) Burrow function 0.80 tan h(n) From experiment
or Mean burrow length 1 cm: 8.35cm From experiment
2cm:4.35cm
3cm: 2.74 cm
4 cm: 242 cm
5cm: 1.52 cm
dr Diameter of burrow 0.05 cm Rogaar (1980)
8o Thickness of oxic layer 0.2 cm De Lucas Pardo (2014)
D, Diffusion coefficient ambient water 0.153 cm?> h™! Han and Bartels (1996)
D, Diffusion coefficient sediment 0.082 cm? h™! Ullman and Aller (1981) and Iversen and Jgrgensen (1993)
Ry Respiration rate of sediment 0.0205 cm® h™! From supplement equation (2)

1.0 17— 0.80tanh(n) calc. aerated sediment volume
§ 08 —
£ &
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() —
e 06
>
©
>
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w
©
2
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0.0-¢
[ [ [ I |
0 10000 20000 30000 40000
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Fig.4 a Calculated average aerated sediment volume (cm®) for Tse
T's5x, and Ty (orange circles) and modeled aerated sediment volume
(cm®) per number of Tubificidae (m~2) (dark blue) (a). b The mod-
eled burrow function corresponds to a tangent-hyperbolic function

factor analysis (Table 2). Tubificidae at a density of 30,000
worms m~ required more oxygen than was made available
by aeration. Note that although this density is apparently
not suitable for optimizing oxidation in Markermeer sedi-
ments, these high densities do occur in reality, especially
in organically enriched environments and waste water (e.g.
Nogaro et al. 2009).

The aeration effect of bioturbating Tubificidae effectively
altered biogeochemical processes in the upper layer of the
sediment, thereby influencing nutrient availability. Both NH,
and NO, concentrations increased in all treatments (Fig. 2c,
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(0.80 tan h(n)) and was used to model oxygen concentration in the
sediment (mg I per number of Tubificidae (m™2) for three different
depths: 10 mm (red), 20 mm (yellow) and 30 mm (blue)

d). The accumulation of nitrate in the upper layer of the
sediment is most likely a result of aerobic oxidation of an
upward flux of NH, (Anschutz et al. 2012), i.e., the supply
of oxygen into the sediment was large enough to promote
nitrification. The difference in average NH, concentrations
between 7,5, (0.70 mg 17!) and Ty, (1.77 mg 17) is remark-
able and suggests enhanced ammonification in T;gy. Since
organic matter content in these sediments is low (Saaltink
et al. 2018), ammonification suggests that the Tubificidae at
a density of 30,000 worms m~2 required more oxygen than
was made available by aeration. Moreover, decomposition of
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dead Tubificidae may occur at a fast rate in bioturbated sedi-
ments, as bioturbation enhances microbial activity (Hansen
and Kristensen 1997), further explaining the increased NH,
concentrations in the upper 50 mm of the sediment in T
Hence, treatments containing 5000 and 15,000 worms m2
effectively increased N availability in the sediment and in the
water column. At a density of 30,000 worms m~2, however,
the increased N concentrations are likely caused by decom-
position of the introduced Tubificidae themselves. Therefore,
the largest effect of bioturbation on the N concentrations in
the sediment and the water column of lake Markermeer was
found for a Tubificidae density at 15,000 worms m~2,

In contrast to N, a negative effect was found for P; biotur-
bation decreased P concentrations in the sediment (Fig. 2b).
Furthermore, no exchange of P with the water column was
identified. This immobilization effect was mainly visible in
the upper 16 mm of the sediment and is also explained by
enhanced oxidation. The effect of P immobilization strongly
depends on the geochemical composition of the sediment.
For example, a positive upward flux of P to the water column
was reported by Scicluna et al. (2015) and Zhu et al. (2016),
especially after periods of hypoxia. Such P retention and
release effects become especially important when signifi-
cant amounts of iron-bound phosphorus are present in the
sediment. As the sediment used in this experiment is rich
in iron-bound phosphorus and pyrite (40 mg kg~! for iron
bound phosphorus and 10,000 mg kg~! for pyrite; Table 1),
it is not surprising, therefore, that the P concentration in the
sediment decreased when oxygen concentrations increased.
This is in concordance with the geochemical model simula-
tions presented in this study (Table 3). Pyrite oxidation with
associated calcite dissolution were identified as dominant
geochemical processes induced by bioturbating Tubificidae.
Oxidation of pyrite (FeS,) is directly coupled to immobi-
lization of P via precipitation of iron hydroxy phosphates
(Table 3), which can occur upon aeration of pH-neutral and
PO, rich groundwater (Griffioen 2006; Van der Grift et al.
2016). Van de Velde and Meysman (2016) showed that bio-
turbation indeed improves the recycling of Fe and S between
their reduced and oxidized states. From a sediment depth of
21 mm onwards, no clear effect on the P concentration was
found between the treated and the control samples, with P
concentrations at 51 mm ranging from 4 mg 17! in T, s to
9 mg 17! in T,. This indicates that the oxidation effect of
bioturbation below 21 mm did not have a distinct impact on
geochemical processes associated with P availability.

Since the macrofauna density in lake Markermeer cur-
rently amounts to about 12,800 individuals m~2 (of which
about 5500 m~2 are Annelida), colonizing the sediment in
the littoral zone of the created wetlands with about 7000
Tubificidae m~2 might enhance initial ecosystem develop-
ment due to improved availability of N. However, when
macroinvertebrates other than Annelida partly aerate the

sediment, colonizing the sediment at a lower density is pre-
ferred. Fast initial ecosystem development is crucial when
wetlands are constructed with soft mud as aboveground
plant biomass dampens erosive stresses on the substrate by
attenuating waves (Nepf 2012). Although the outcome of
this experiment provides valuable information for develop-
ing ecological engineering practices, a direct translation
into practical measures to be implemented is difficult due to
several limitations related to the set-up of the experiment.
First, it must be noted that the precise effect of colonization
by Tubificidae into the littoral zone is hard to predict, as in
reality, hydrodynamic factors also determine sediment oxi-
dation, such as wave action with associated resuspension and
settling. However, Volkenborn et al. (2007) showed that the
effect of bioturbation on geochemical processes in aquatic
systems is even visible in physically dominated systems,
such as the Wadden Sea. Second, the experimental sediment
only contained Tubificidae, whereas in reality interactions
with other macro invertebrates exist. How such interactions
in sediment from lake Markermeer might influence nutrient
availability remains unknown. Last, the oxidation effect of
bioturbation partly depends on the oxygen concentration in
the lake. These concentrations show seasonal variation from
8 mg 1! in summer to 14 mg 1! during winter (Ministry of
Infrastructure and the Environment 2017). Thus, the oxida-
tion effect of bioturbation is larger in winter and spring than
in summer and autumn (Supplementary Fig. 2). The afore-
mentioned factors might explain the current density of Tubi-
ficidae present in lake Markermeer sediments (3900 Tubi-
ficidae m~2). Despite these limitations, this study clearly
showed significant effects of bioturbation by Tubificidae on
sediment aeration and associated nutrient availability in the
porewater and water column.
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