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Bioirrigation is a process corresponding to animal-induced transport of porewater solute
or exchange between interstitial and overlying waters. How and why the burrowing
macrobenthos complete this process remain unclear. Here, we used two infaunal-
behavior observation devices to investigate the ventilation behaviors of the benthic
polychaete Perinereis aibuhitensis Grube, a species that is widespread along the Asian
coast with a wide temperature range, at various temperatures (5°C, 10°C, 15°C, 20°C,
and 25°C). The two typical movement behaviors of P aibuhitensis, axial crawling and
radial undulation, as well as associated parameters, were delimited and quantified. We
found that the radial undulation frequency of P aibuhitensis and the associated pumping
rate (PR) increased significantly with temperature (T, 5-25°C); this relationship can be
described by the regression equation PR = —0.0067T2 + 0.29T - 0.52 (R?> = 0.749, P <
0.05; n = 15). The relationship between axial crawling velocity (ACV) and temperature
(T, 5-25°C) can be expressed by the regression equation ACV = -0.0001T® + 0.0059T?
- 0.063T + 0.28 (R? = 0.997, P<0.05; n = 15). In general, pumping efficiency increased
as temperature decreased, implying that the polychaete increasingly conserved energy
at lower temperatures. Peak pumping volume (4.36 L d') was observed at 25°C, as a
result of radial undulations. Thus, we concluded that radial undulation was the primary
movement that led to bioirrigation. The dissolved oxygen demand was the key factor
driving the initiation of radial undulation, and the specific aim of radial undulation was
to increase oxygen availability by pumping new seawater into the burrow. Thus, radial
undulation is critical for polychaete survival. The dissolved oxygen threshold level at which
pumping was initiated increased with temperature, suggesting more energy conserved at
lower temperatures. This pumping strategy of P aibuhitensis is consistent with optimality
theory, and is here designated the “optimal dissolved oxygen obtainment strategy”.
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INTRODUCTION

Infauna live in sediments and seldom migrate far away, so the
sedimentary environment is critical for the survival of these
animals (Tsujino and Tamai, 1996). However, sediments that
have not been previously affected by organisms are not suitable
for infaunal life without considering the micro-environment
established by infauna. For example, dissolved oxygen penetrated
the top <20 mm of sediments in the Skagerrak and only a few
millimeters (within 10 mm) in unaffected sediments in other
reported locations (Bakker et al., 1993; Jensen et al., 1993; Shi
et al., 2015). In addition, in unaffected sediments, pH is usually
less than 7.0 (Isaksen and Finster, 1996; Shi et al., 2015), and may
even drop below 4.0 in these environments (Peine et al., 2000).
Soluble sulfide content in the pore water of sediments around
the burrow inhabited by the polychaetes Nereis succinea and N.
diversicolor have been shown to reach 2000 umol L (Miron and
Kristensen, 1993). It is thus clear that conditions in unaffected
sediments are unsuitable for most aquatic animals, including
infauna. Infauna, however, can affect sediments through
bioturbation in order to develop tolerable micro-environments
(Volkenborn et al., 2007b).

Bioturbation encompasses two distinct processes, namely
sediment reworking (i.e., the movements of sediment particles
and associated organic matter) and burrow ventilation, which
causes bioirrigation (i.e., the exchange of water and solute between
the overlying water column and porewater) (Pascal et al., 2019).
The ecological functions of bioturbation have been well studied
(Zhang et al.,, 2013; Yazdani Foshtomi et al., 2018; Mustajarvi
et al, 2019), some of which showed that the bioturbation
could accelerate the biogeochemistry process of the sediment.
Infauna perform bioturbation through daily activities, such as
feeding, excretion, burrowing, and movement; these activities
strongly affect sediment biogeochemistry (Duport et al., 2006;
Mustajérvi et al., 2019). For example, bioturbation change the
biological, chemical, and physical properties of the sediment and
accelerate substance exchange at the sediment-water interface
(Duport et al., 2006; Turek and Hoellein, 2015). More specifically,
through these processes it has been observed the enlargement
of the area of sediment-water interface, irrigating the sediment
with oxygen-rich water, promoting the aerobic metabolism of
aerobic bacteria, and increasing the decomposition of harmful
substances, inhibiting anaerobic metabolism in the sediment
(Cheong et al., 1993; Howa and De Resseguier, 1994; Volkenborn
et al, 2007a). Bioelements, such as carbon, nitrogen, and
phosphorus, are also released from the sediment into the water
(Pelegri and Blackburn, 1994; Kristensen and Mikkelsen, 2003;
Fernandes et al., 2006; Cournane et al., 2010).

Although it is clear that bioturbation depend on the activities
of benthic animals, the details of bioturbation processes remain
unclear. Previous studies have generally focused on the effects of
bioturbation processes, comparing properties of the water and/or
sediment before and after such processes occur (Fenchel, 1996;
Zorn et al., 2006; Sun and Zheng, 2010; Jia et al., 2017; Sun et al,,
2019). Due to the lack knowledge on the relation bioturbation with
infauna behaviors, some studies have quantified the behavioral
parameters associated with bioturbation (Riisgard and Larsen,

2005; Murphy and Reidenbach, 2016) using pressure sensors
(Wethey and Woodin, 2005; Wethey et al., 2008; Woodin et al.,
2016), planar optodes (Timmermann et al., 2006; Volkenborn
et al., 2012a; Volkenborn et al, 2012b) and image analysis
(Grémare et al., 2004; Maire et al., 2007; Bernard et al., 2016). The
new equipment and technologies promoted the study on infauna
behaviors. And the methods and parameters were various
depending on different infauna species. Because of the numerous
infauna species, there are still difficulties in understanding the
relationship between bioturbation and behaviors of infauna
in the sediment and their biological meanings remain poorly
understood.

For the burying species, such as bivalve, it is hard to observe
and determine their movement in the sediment. Researchers still
made great effort to find intermittent bioirrigation and oxygen
dynamics in sediment disturbed by bivalves (Volkenborn et al.,
2012a). And Maire et al. (2007) successfully quantified and
linked feeding activity and sediment reworking of bivalve (Abra
ovata) using image analysis, laser telemetry and luminophore
tracers methods. For the burrowing species, their burrow gives
people chance to observe and even determine their behaviors.
Oxygen in the burrow is very important for the burrowing
species. Bioirrigation behavior of polychaetes drives the oxygen
dynamics in the burrow (Timmermann et al., 2006; Wethey et al.,
2008; Murphy and Reidenbach, 2016). But there was still lack of
the quantified and classified behaviors. Since then, 2020); Pascal
et al. (2019 identified and quantified “Walking”, “Ventilating’,
“Burrowing” and “Resting” of mud shrimp (Upogebia pusilla)
behaviors linking bioturbation, which gave new perspective
on bioturbation. The same time, those references showed that
different behaviors induce different bioturbation rates and types,
and different infauna species had various behaviors and needed
specific research methods.

Polychaetes play crucial environmental recovery functions
through bioturbation (Heilskov and Holmer, 2001; Fang et al.,
2014): polychaetes bioturbation is thought to accelerate the
environmental recovery of sediments (Kristensen, 2001;
Fernandes et al., 2006; Cournane et al., 2010; Mustajarvi et al.,
2019). They are usually major contributors to the benthic
communities (Tomassetti and Porrello, 2005; Shimabukuro
et al., 2016; Sivadas and Ingole, 2016). The polychaete
Perinereis aibuhitensis Grube is widely distributed in the
tidal zone on the west coast of the Pacific Ocean. It has a
wide temperature adaption (1-28°C in the natural habitat
sediment). In order to get suitable living micro-environment,
P. aibuhitensis must ventilate in the burrow, which possibly
induces series behaviors. However, we know little about the
behaviors and the relationships between the behaviors and
the micro-environment such as dissolved oxygen, nutrient
concentration and water flowing, in its burrow. In this study,
we aimed to link the behavior with bioturbation of infauna by
investigating the relationships between quantified behaviors
and environmental parameters in the P. aibuhitensis burrow
at different temperatures. The work was in order to provide
knowledge on the behavioral strategies of infauna adapting
the micro-environment in the burrow, which gave a behavioral
process perspective of infauna bioturbation.
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MATERIALS AND METHODS

Polychaete Collection and Acclimation

Sediment and polychaetes (P aibuhitensis, 1.45 = 0.25 g WW)
were collected in the natural habitat of P. aibuhitensis: Dingzi Bay,
Shandong province, China (120°54’35 E, 36°38’51 N) in April,
2019. The original sediment without sieving to a depth of 10 cm
was added to three aquaria (L x W x H =60 cm x 60 cm x 35 cm)
filled with recirculating seawater. Sediment was kept in the
system for one week. After that, polychaetes were collected. The
inactive and damaged animals were removed, and the remaining
polychaetes (about 200 ind.) were acclimated for another week.
The temperature, salinity, pH, and dissolved oxygen of the
seawater in the circulating water system were maintained at
20°C + 1°C, 29-31, 7.92-8.07, and 7.2-8.2 mg L1, respectively.
Each day, about 30% of the water in the system was replaced with
clean seawater. According to the natural photoperiod in April
in Shandong Province, China, a simulated natural photoperiod
(12 h light: 12 h dark) was used throughout the period of the

experiment.

Experimental Design

We measured the temperatures in the sediments inhabited by P
aibuhitensis in summer (Aug.) and winter (Feb.). At a depth of
20 cm, the temperature ranged from 0.9°C in the winter to 26.1°C
in the summer. We selected five experimental temperatures
within this range: 5°C, 10°C, 15°C, 20°C, and 25°C. Because the
polychaetes were acclimated to a water temperature of 20°C in the
artificial circulating system, all experiments began at this water
temperature. The temperature of the circulating acclimation
system was then adjusted about 1°C each day until the desired
experimental temperature was reached. Once the target
temperature had been reached, the animals were acclimated for
another three days before observation.

The water temperatures in the infaunal-behavior observation
devices (Figure S1, IBOD) and in the aquarium surrounding
the artificial burrow devices (Figure S2, ABD) were adjusted
to the experimental temperature using chillers (L-650, Risheng,
China). Dissolved oxygen (DO) levels (Oxy-SMA-1, Presens,
Germany) in the aquarium were maintained at 7.5-8.0 mg
LL. One polychaete was randomly selected and placed in the
infaunal chamber of the IBOD at about 17:00. The polychaete
was allowed to burrow into the sediment overnight. At about
7:30 the next morning, the burrow was checked and cleaned as
described in the M1 part of Supporting Information. Before the
experiment, we did a pre-experiment as a reference to decide
the experimental video record duration. According to the result,
the average interval duration including movement and stopping
time was only 9-10 min. So the motions of each polychaete were
then recorded two hours daily with the video system from 9:00
to 10:00 (daytime) and from 21:00 to 22:00 (nighttime). After the
completion of the nighttime recording, a flat-headed iron wire
was slowly inserted into the burrow to expel the polychaete, and
the burrow was refilled with sediment.

The polychaete was transferred directly to the burrow of the
ABD and allowed to acclimate overnight. The following day,

the motions of the polychaete were again recorded with the
video system from 9:00 to 10:00 (daytime) and from 21:00 to
22:00 (nighttime). DO levels at the tail end of the burrow were
measured every 3 seconds during the observation period. In
addition, during the radial undulating motion period, 4-6 ml of
water were slowly removed from both the inflow (head direction)
and outflow (tail direction) of the burrow (about 0.5-1.0 cm in
the burrow opening) using different disposable droppers during
the observation periods. Each water sample was filtered through
a 0.45 um glass fiber filter, and the filtrate was stored in a freezer
at -80°C.

Next, the tracer beads (SM4) were used to measure the volume
of water pumped by each P. aibuhitensis in the ABD. A tracer
bead was placed at the inlet of the burrow, where it moved in
response to the slight current caused by the moving polychaete.
The movements of the tracer bead were then recorded using the
video system.

Three replicates of this entire experiment were performed,
using different animals, at each experimental temperature. There
was no death during the experimental period.

Analysis

Typical Behaviors of P. aibuhitensis

Axial crawling motion is defined as movement forward or
backward along the axis of the burrow (whether or not part of
the polychaete exited the burrow). Radial undulating motion is
defined as undulation along the body (from the head to the tail)
without axial movement. Body undulations are always in the
same direction as the radial direction of the burrow.

Motion Analysis

Recordings of polychaete movement were analyzed using
Image] 2019 (National Institutes of Health, USA), which has
a variety of image processing and analysis tools, in order to
quantify axial crawling motion and radial undulating motion.
Because polychaetes in both devices remained in burrows on a
single plane perpendicular to the camera, motion parameters
were easily determined. Parameters of polychaete motion were
assessed using the Image] manual tracking plug-in module. In
the ABD, the movements of the tracer beads were also recorded
as a function of axial crawling motion and radial undulating
motion. Tracer velocity was assumed to be equivalent to the
current velocity in the borrow induced by pumping.

Behavioral and Chemical Analysis in ABD

The following behavioral and chemical parameters were
measured in the ABD: pumping efficiency, pumping volume, DO
concentration, and nutrient dissolution efficiency (Table S1).
When calculating the surface area of the artificial burrow, the
area of the transparent portions on both sides of the burrow were
thus subtracted from the total surface area. The burrow surface
area was used to calculate nutrient dissolution efficiency (Table S2).

The frozen water samples from the ABD were analyzed using
a nutrient analyzer (CleverChem380, Germany) to determine
the concentrations of phosphate, nitrite, ammonia nitrogen,
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and sulfide. Due to the short duration of each experiment,
the amount of ammonia excreted by each P. aibuhitensis
was negligible, which accounted for about 4% of the average
ammonium concentration difference between inflow and
outflow. Therefore, these trace amounts of ammonia were
ignored.

Behavioral Parameters in IBOD

The following behavioral parameters were measured in
the IBOD: radial undulation duration, radial undulation
frequency, axial crawling duration, axial crawling velocity
(Table S2).

Data Analysis

All statistical analyses were performed in SPSS Statistics
23.0 (IBM, USA). The effects of the interaction between
temperature and time of day on radial undulation duration
and axial crawling duration were analyzed using two-way
analyses of variance (ANOVAs). If a given interaction between
temperature and time of day had a significant effect on radial
undulation duration or axial crawling duration, a one-way
ANOVA followed by Duncan’s multiple range tests for post hoc
pairwise comparisons was used to analyze the effect of each of
the two interacting factors on radial undulation duration and
axial crawling duration. A Bonferroni adjustment was applied
to all parameters to avoid the magnification of statistical errors
resulting from the repeated use of a one-way ANOVA. We
also assessed the effects of temperature on radial undulation
frequency, axial crawling velocity, pumping efficiency,
pumping volume, DO concentration, and nutrient dissolution
efficiency using one-way ANOVAs followed by Duncan’s
multiple range tests for post hoc pairwise comparisons.
Stepwise multiple regression analysis were used to visualize
the relationships between temperature and radial undulating
frequency, axial crawling velocity, pumping rate, and pumping
volume. The assumption of homogeneity of variances was
tested for all data. If normal distribution assumptions were
not met, the data were (log-) transformed. Differences were
considered statistically significant at P<0.05.

RESULTS
Radial Undulation

Temperature significantly affected the radial undulating
frequency (F=115.284, P<0.001, df=4) of P. aibuhitensis and the
associated pumping rate (F=6.632, P=0.007, df=4). Both radial
undulation frequency and pumping rate increased significantly
as water temperature increased (P<0.05, Figure 1). The radial
undulation frequency at 25°C was significantly greater than
those at all other temperatures (P<0.05), while the radial
undulation frequency at 5°C was significantly lower. The
pumping rates at 15-25°C were significantly greater than those
at 5-10°C (P<0.05). The relationship between temperature (T)
and radial undulation frequency (RUF) could be expressed as
RUF=1.03+1.54T (R?* 0.98, P<0.05, n=15). The relationship

between temperature (T) and pumping rate (PR) could be
expressed as In(PR)=0.45+0.72 In(T) (R?~0.72, P<0.05, n=15).

Axial Crawling Motion

Temperature significantly affected the axial crawling velocity
of P.Baibuhitensis (F=6.136, P=0.009, df=4, one-way ANOVA),
but not the associated pumping rate (F=2.027, P=0.166, df=4).
The axial crawling velocities at 20-25°C were significantly
greater than those at 5-10°C (P<0.05, Figure 1). The pumping
rate associated with the axial crawling velocity of P. aibuhitensis
was highest at 20°C; this rate was significantly greater than
the rate at any of the other temperatures tested (P<0.05). The
relationship between temperature (T) and pumping rate (PR)
could be expressed as PR=-0.0067T2+0.29T-0.52 (R?*- 0.75,
P<0.05, n=15). This equation predicted that pumping rate
would peak at 20.7°C. The relationship between temperature
(T) and axial crawling velocity (ACV) could expressed as
ACV=-0.0001T3+0.0059T2-0.063T+0.28 (R?~ 0.997, P<0.05,
n=15).

Pumping and Motion Duration

Temperature did not significantly affect the pumping efficiency
(PE) of either radial undulation (F=0.759, P=0.575, df=4) or
axial crawling (F=2.063, P=0.137, df=4) in P. aibuhitensis.
However, PE had a tendency to decrease as temperature
increased (Table 1).

The total duration of the radial undulating motion was
significantly affected by temperature (F=11.443, P=0.001,
df=4), but the duration of the axial crawling motion was not
(F=0.166, P=0.951, df=4, Figure 2; Table S3). The pumping
volume associated with radial undulation also increased
significantly as temperature increased (F=3.666, P=0.024,
df=4, Figure 2; Figure S3). Pumping volume and radial
undulation duration both peaked at 25°C; these figures were
significantly greater than the corresponding figures at 5°C
(Figure 2). Indeed, radial undulation time at 25°C was two
times higher than at 5°C, while pumping volume at 25°C was
nine times higher than at 5°C and almost six times that of
axial crawling motion at 20°C.

The pumping volume associated with the axial crawling
motion increased with temperature until 20°C, then decreased
when temperature reached 25°C (F=3.743, P=0.041, df=4).
Pumping volumes at 20°C and 25°C were significantly greater
than those at 5°C and 10°C (Figure 2). The pumping volumes
associated with the radial undulating motion were uniformly
greater than those associated with the axial crawling motion
at the same temperature (Figure 2).

The Efficiency of Nutrient Dissolution

from the Sediment

The dissolution efficiencies of phosphate (F=3.532, P=0.032,
df=4), ammonia nitrogen (F=3.314, P=0.035, df=4), nitrite
(F=6.544, P=0.007, df=4), and sulfide (F=11.466, P=0.001,
df=4) from the sediment in the polychaete burrow increased
significantly between 5°C and 25°C (P<0.05). In general,
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dissolution efficiencies increased steadily with temperature,
although the dissolution efficiency of phosphate was
significantly greater at 20°C than at 25°C (Figure 3). The
dissolution efficiencies of phosphate and ammonia nitrogen
were noticeably greater than those of nitrite and sulfide
(Figure 3).

Fluctuations in DO

DO levels in the tail shaft of the burrow and the corresponding
pumping behaviors were recorded continuously. In general, the
polychaete initiated pumping when DO fell to very low levels
(Figure S4). We considered these low levels the “DO threshold”,
after which pumping behaviors were initiated. The DO threshold

tended to increase with temperature (F=52.317, P<0.001, df=4):
the DO thresholds at 5°C, 10°C, and 20°C were significantly
lower than those at 15°C and 25°C (P<0.05, Table 1).

DISCUSSION

Our results show that, in P aibuhitensis, radial undulation
frequency and the associated pumping rate, axial crawling
velocity and the associated pumping rate, the duration of radial
undulation, and the duration of axial crawling motion decreased
significantly when the water temperature decreased from 25°C to
5°C. Atalower temperature, the poikilothermal animals including
Perinereis aibuhitensis will reduce their activities (Dall, 1958;
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Zhou, 2005; Pan, 2015). This is in line with previous studies which
have shown that temperature significantly affects the activities of
poikilothermal aquatic animals. For example, it has previously
been found that the activity of the shrimp Metapenaeus mastersii
decreased at 16°C and improved at higher temperatures (Dall,
1958). Similarly, the swimming speed, scaphognathite intermittent
beat rate, and activity of the shrimp Litopenaeus vannamei decreased
as temperature was reduced from 36°C to 18°C (Zhou, 2005). In
addition, Pan (2015) found that the sea cucumber Apostichopus
japonicas moved less in the winter. However, quantitative studies of
the effects of temperature on poikilothermal infauna in the sediment
are rare. The range of temperature in the present study covered
the natural temperature fluctuations in the habitat of Perinereis
aibuhitensis. This range of temperatures reflects those experienced
by P, aibuhitensis in its natural habitat. Interestingly, axial crawling
velocity was similar at 20°C and 25°C, possibly because 20°C is the
optimum growth temperature for this species (Fang et al., 2016).
This suggests temperatures of 25°C and above are suboptimal for P
aibuhitensis.

The primary motions of P. aibuhitensis in the burrow were radial
undulation and axial crawling. Axial crawling (common instinct)
is initiated for several purposes, including movement, drilling,
searching for food, and avoiding threats, which is a common

knowledge. When a polychaete changes position in a burrow, the
resulting movement of water was denoted “piston-pumping” by
Forster and Graf (1995). In the polychaete Lanice conchilega, the
pumping volume was only 0.04 L d if the animal continuously
pump water. Additionally, the effects of radial undulation were
not assessed in Forster and Graf, 1995. In the present study, the
maximum pumping volume of axial crawling motion in a day was
much less than that pumped by radial undulating motion, both
much more than Lanice conchilega, in a day. Thus, pumping water
is not the aim of axial crawling, but only the result. In contrast, the
main function of radial undulation in P. aibuhitensis seems to be
water pumping resulting in burrow ventilation.

Infauna, including polychaetes, pump water to induce burrow
ventilation, which could change the porewater pressure and
flux in the sediment (Wethey et al., 2008). The porewater exchange
rates were very slow and there were seasonal differences (Pascal
et al,, 2019). Infauna-driven ventilation accelerates the porewater
exchange in the burrow. And the “Ventilating” behavior improves
water exchange and accelerates the flux of certain solutes, such as
oxygen, carbon, nitrogen, and other nutrients, at the sediment-
water interface (Forster and Graf, 1995; Van Hoey, 2006; Duport
et al., 2007; Na et al., 2008; Turek and Hoellein, 2015; Pascal et al.,
2019). Substance flux tend to increase with temperature and the
density of benthic animals at the sediment-water interface (Mahl
et al, 2009; Zhang et al, 2013). However, bioirrigation-driven
substance flux may reach a stable level at the individual level.
Here, the pumping duration and total volume of water
pumped by P aibuhitensis increased with the increasing
temperature. In addition, nitrogen, phosphorus, sulfide,
and oxygen exchange between the sediment and the water
increased due to P aibuhitensis bioirrigation. However, the
dissolution efficiencies of ammonia nitrogen, phosphate,
and nitrite tended to remain stable above 15°C (although
phosphate dissolution efficiency decreased significantly at
25°C). In contrast, sulfide dissolution efficiency increased
steadily with temperature, reaching a significant peak at 25°C.
This suggested that the degree of nutrient flux induced by the
bioirrigation behaviors of an individual could reach limited
level.

In addition, the strategy of bioirrigation, which is an
energy-intensive process, are unclear. In particular, pumping
water seems to be the sole aim of polychaete radial undulation
in the present study. It is possible that water pumping helps
to remove harmful solutes from the burrow. The maximum
concentrations of ammonia nitrogen, nitrite, phosphate,
and sulfide recorded in the P. aibuhitensis burrows in this

TABLE 1 | Dissolved oxygen of threshold initiating pumping behaviors, pumping efficiencies (PE) associated with radial undulation and axial crawling of the Perinereis

aibuhitensis at different temperatures.

Temperature (°C) PE of Radial undulating motion (uL pulse')

PE of Axial crawling motion (UL cm-7)

Dissolved oxygen of threshold (mg L)

5 140+ 9
10 133+8
15 143 +7
20 130+ 11
25 120+ 12

190+ 3 0.80 + 0.16°
191 +5 1.00 + 0.067
191 =10 2.17 £ 0.09°
178+ 5 1.47 +0.022
168 + 5 219+ 0.13°

Means in the same column appended with different lowercase letters are significantly different (P<0.05). All values are shown as mean + SE (n=3).
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study were 0.28 mg L', 0.007 mg L', 0.15 mg L', and 0.01
mg L, respectively. However, studies have indicated that P
aibuhitensis can tolerate much higher concentrations of these
solutes. For example, P. aibuhitensis was shown to tolerate
ammonia nitrogen levels above 3.31 mg L (Lv et al., 2009)
and sulfide levels above 0.031 mg L' (as H,S) (Wang et al,
2017). In addition, concentrations of nitrite below 0.504 mg
L' did not significantly affect the ammonia excretion and
oxygen consumption of P aibuhitensis (Liu et al., 2016).
Finally, the maximum phosphate concentration in our
experiment was well within that of the seawater in the natural
habitat of P. aibuhitensis (0.087-0.968 mg L!) (Zhang et al,,
2018). Several other studies have shown that P. aibuhitensis
has a strong tolerance for various poisonous chemicals (Li
et al., 2018a; Li et al., 2018b). Thus, the results show that it is
unlikely that P. aibuhitensis pumped water with the purpose to
remove harmful solutes from the burrow, it is possible that the
removal of harmful solutes is a secondary result from water
pumping.

Another possibility is that P aibuhitensis pumps water to
increase DO supply in the burrow. The DO dynamics in the
burrow has been well studied in several burrowing species
(Timmermann et al., 2006; Murphy and Reidenbach, 2016; Pascal
etal., 2019). The fluctuations of DO levels were strong correlated
with the irrigation behaviors. The DO decreases to a very low
level when the animal “Resting” or “Walking” with almost no
water pumping. Then they would initiate pumping behavior to
get more oxygen and the DO fluctuated up and down in cycle.
In this study, the minimum DO level in the burrow (at 5°C)
was 0.80 mg L. It was previously shown that the polychaete
Lumbrinereis latreilli was significantly negatively affected
by DO levels below 1.0 mg L}, but experienced no adverse
effects at DO levels greater than 2.0 mg L! (Yang et al., 2019).
Consistent with this, our results showed that when DO levels in
the burrows of P. aibuhitensis decreased below a temperature-
dependent threshold (0.80-2.19 mg L), radial undulation
was initiated to pump new water into the burrow. In general,
the DO threshold increased with water temperature (Table 1).
In addition, radial undulation ceased when DO levels were
equivalent to those in the surrounding seawater (Figure S4).
Based on our results we concluded that DO was the key factor
driving the initiation of radial undulation, and that the goal
of radial undulation was to increase the DO in the burrow by
pumping in new seawater. Thus, radial undulation is likely to
be crucial for polychaete survival.

The radial undulating motion started because the DO
was low in the burrow and stopped when the DO reached a
similar level with overlying water. It was a recycling behavior
to keep the DO level for living in the burrow. The initiation of
radial undulation in response to low DO levels was consistent
with the predictions of optimality theory, which is similar to
optimal foraging theory (Shang, 2014), for two reasons: First,
radial undulation was not initiated by P. aibuhitensis unless DO
levels decreased below a threshold, which conserves energy.
Second, the pumping efficiencies of both radial undulation
(mL pulse!) and axial crawling (mL cm™) in P. aibuhitensis

increased as temperature decreased. That is, radial undulation
frequency and axial crawling velocity were significantly lower
at 5°C than at 25°C. This implied that the lower the temperature,
the more water was pumped due to the completion of a single
action. In addition, water continued to flow after the completion
of each pumping action due to inertia. The P aibuhitensis
pumping strategy was thus consistent with the predictions of
optimality theory, because the polychaete conserved energy at
low temperatures, when food consumption and energy income
were reduced (Fang et al., 2016). We here designate this pumping
strategy as the “optimal dissolved oxygen obtainment strategy”.
Although the optimal dissolved oxygen obtainment strategy may
be common among infauna, our study is one of the few studies
that have examined how infaunal species obtain oxygen. Further
study of activity modifications in response to DO demand is
required.

According to the previous studies and the present study,
the motion behaviors of infauna have at least two important
ecological meanings: benefit the infauna living and induce
bioturbation. The ventilation of animals could increase DO in the
burrow, which was certificated in the present study and the cited
articles (Hagerman and Uglow, 1985; Forster and Graf, 1995;
Timmermann et al., 2006; Murphy and Reidenbach, 2016; Pascal
et al,, 2019). And DO is the key factor promotes ventilation
behaviors (present study). The polychaete has “optimal dissolved
oxygen obtainment strategy” to save living energy adapting
sedimentary environment at different temperatures. Through
motion behaviors, the infauna accelerates the porewater flux,
water exchange and flutes flux at the sediment-water interface.
The individual motion behaviors related with flutes flux were
determined in the present study. It is possible to do similar work
in other infauna such as Pascal et al. (2019) having done in U.
pusilla. Due to the high density of infauna, P. aibuhitensis could
reach about 300 ind. m? (Hu et al., 2021) and Capitella capitata
could reach densities up to 46,000 ind. m (Bannister et al., 2014),
they play important roles in accelerating the biogeochemistry
process of sediment through behavior. The ecological model
of bioturbation effects, including flutes flux and sediment
reworking, in a large scale habitat could be done according to
the quantified individual behavior in the future, which would be
more credible and accurate to explain and quantify the ecological
function of bioturbation.
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