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Abstract

This study provides a novel insight into the degradation of sediment organic matter
(SOM) regulated by algae-derived organic matter (AOM) based on priming effect. We
tracked the dynamics of SOM mineralization products and pathways, together with
priming effects (PE) using the compound-specific stable isotope (8'3C) technique
following addition of low- and high-density algal debris in sediments. We found that
algal debris increased the total carbon oxidation rate, resulting in denitrification and
methanogenesis-dominated SOM mineralization, while iron reduction and sulphate
reduction played important roles in the early period of algal accumulation. Total carbon
oxidation rate and anaerobic rates (Ranaerobic) Were higher in the amended treatments
compared with that in controls. Analysis indicated that algal debris had a positive PE
on SOM mineralization, which resulted in an intensified mineralization in the initial
phase with over 80% of dissolved inorganic carbon deriving from SOM degradation.
Total carbon oxidation rate of SOM deduced from priming effect (Rtcor-pe) was similar
to Ranaerobic, further indicating SOM mineralization is a critical source of the end
products. These findings deviate the causal focus from the decomposition of AOM, and
confirm the accumulation of AOM as the facilitator of SOM mineralization. Our study
offers empirical evidences to advance the traditional view on the effect of AOM on
SOM mineralization.
Keywords: Algal debris accumulation; SOM mineralization; end products;

endogenous contribution; priming effect
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1. Introduction

Eutrophication is a major environmental issue of concern worldwide (Zhang et al.,
2016; Plaas et al., 2021; Watson et al., 2021). It not only poses a threat to aquatic
ecosystems with the release of toxic metabolites (Janssen, 2019; Jiang et al., 2014;
Munoz et al., 2019; Olson et al., 2020), but also increases the intensity of algal debris
settlement to sediment-water surfaces (Garcia-Robledo et al., 2008; Lee et al., 2016).
Since sediments are both sources and sinks of organic and inorganic matters (e.g.,
nutrients, hydrogen sulfide (H2S), iron (Fe), and methane (CHa4)), which are dependent
on the redox environment (Shi et al., 2018; Tyler et al., 2003; Xu et al., 2015), algal
debris increases have important implications for the behavior of these organic and
inorganic components. The accumulation of algal detritus tends to modify and be
involved in the biogeochemical cycle of Sedimentary Organic Matter (SOM) during
algae-induced anoxia/hypoxia events (Garcia-Robledo et al., 2008; Karlson, 2008;
Trevathan-Tackett et al., 2018; Tyler et al., 2003). Given that fresh algal-debris is
bioavailable to microorganisms in aquatic environments due to its labile components
(Pivokonskyetal.,2012; Zhou et al., 2019), both SOM and algal organic matter (AOM)
are likely contributors to CO: production associated with nutrients loading of
freshwater leading to algal blooms. For example, field monitoring and simulations have
shown that the concentration of CO and nutrients increases each summer during algal
blooms (Shang et al., 2015; Zhu et al., 2020). Researchers have made efforts to identify

the transportation and transformation behavior of nutrients between sediment and water
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column during algal blooms, and a series of well-accepted theories have been
established relating increase of nutrients loading to microbial activities and
biodegradability of AOM (Andersen and Jensen, 1992; Finlay and Kendall, 2008; Lee
et al., 2016; Mills and Alexander, 1974). Although these observations suggest a causal
link between algae and nutrients, there are few direct evidences on the contribution of
algae to SOM mineralization.

The term “priming effect” (PE), has been increasingly used in anaerobic systems
to describe the phenomenon of refractory SOM remineralization, which has been
recently linked to the decay of labile organic matter in marine ecosystems (Gontikaki
et al., 2013; van Nugteren et al., 2009). This process is sometimes referred to as
“cometabolism” (Wakeham and Canuel, 2006). In this case, a positive value represents
the enhancement of SOM mineralization by labile organic matter, or vice versa, which
is related to the sediment type and the quantity of added substrates (Gontikaki et al.,
2013; Turnewitsch et al., 2007). Using stable isotope-labeled substrates (i.e.,
phytoplankton-derived material), van Nugteren et al. (2009) provided the convincing
evidence that positive PE was found in intertidal and subtidal estuarine sediments.
Therefore, when algal blooms happen, PE may potentially be an important indicator in
evaluating the balance of carbon and nutrients in sediments.

Positive PE can facilitate carbon and nutrients cycling in sediments. Theoretically,
the generation of carbon and nutrients is also proportionate to the utilization of terminal
electron acceptors, primarily oxygen (O.), nitrate (NO3"), hydrous maganese oxides

(Mn-(hydr)oxides), Fe-(hydr)oxides, and sulfate (SO4>) (Rozan et al., 2002; Thamdrup
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and Canfield, 1996; Zhu et al., 2018). At the beginning of algal debris decay, notable
changes have been observed with respect to SOM degradation reactions, often referred
to as primary redox reactions (Canavan et al., 2006). For example, the decay of algal
biomass can inhibit nitrification and thereby denitrification in sediments by depleting
dissolved oxygen (Zhu et al., 2020). However, in the view of long-term accumulation
of algal debris, this influence on denitrification or other SOM mineralization pathways
may be different from that of the initial deposition phase. Importantly, understanding
the contribution of SOM to end products provides novel opportunities to explore algal
bloom mechanisms induced by nutrients loading in the future.

In this study, we investigated the effect of AOM on SOM mineralization in a
sediment-water microcosms by combining the dynamic variation of nutrients, reduced
species, and PE values. The primary motivation of this research was to determine the
role of algal debris in SOM mineralization and to understand the SOM mineralization
potential for widespread eutrophication arising from nutrients supply. Here, we sought
to (1) determine the effects of algal detritus on the release of nutrients in sediment
porewater, (2) evaluate the effect of algal detritus on the mineralization rates and the
contributions of SOM mineralization pathways after long-term accumulation, (3)
determine the magnitude and duration of the PE of algal detritus on SOM mineralization,
and (4) develop a theoretical understanding of SOM mineralization supporting the

supply of nutrients leading to algal bloom:s.

2. Materials and methods
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2.1. Sediments and algal debris preparation

A total of nine intact sediment cores were collected using Plexiglas tubes (11 cm
I.D., 50 cm long) in the center of the Yuqiao reservoir (N 40°02'7.29", E 117°32'36.58"),
in which the heights of sediment and overlying water were 30 and 19 cm, respectively.
Yugqiao reservoir is located in Tianjin City, China, and plays an important role in
supplying water for both industrial and household use in the nearby region. The surface
area of Yugiao reservoir is 135 km?, with an average depth of 4.3 m (Wen et al., 2019;
Cao et al., 2020). It is located in a humid continental climate with an average monthly
temperature of 19+1 °C and an average annual rainfall of 748.5 mm. Eutrophication is
evident from a large number of algae aggregate near the shore of the dam area, affected
by wind, wind direction and other factors with a mean concentration of 50 pg L' of
Chlorophyll-a (Chl-a). The water quality was affected by cyanobacterial blooms in
summer and autumn in recent years. Algal samples were collected with the aid of a
phytoplankton net (mesh size 64 microns). To obtain dried algal debris, cyanobacterial
cells were rinsed several times with deionized water to exclude surface contamination,
and centrifuged at 5000 r min! for 10 minutes to remove excess fluid and then freeze-
dried (Moodley et al., 2000). The dried organic detritus was then scraped into a mortar
and ground into powder. The characteristics of the sampled sediments and water were

listed in Table S1.
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2.2. Sediment core incubations

In order to simulate the deposition of algal debris on the sediment surface, three
experimental treatments were performed (Fig. la), including sediment only (i.e.,
unamended sediment as Control), algal debris amended once (i.e., X1 amendment) and
amended 20 times (i.e., X20 amendment). Each treatment was run in triplicate (n = 3).
Algal detritus biomass in the X1 amendment and the x20 amendment was equivalent to
6 and 120 g dw m 2, representing the normal algal blooms level and black bloom
eruption level (e.g. the phenomenon of massive congregation of dead cyanobacteria) in
freshwaters, respectively (Wang et al., 2018a). Proteins, peptides, amino acids,
polysaccharides, oligosaccharides, lipids and various organic acids were the common
constituents of AOM, which were bioavailable to microorganisms in aquatic
environments (Pivokonsky et al., 2012; Zhou et al., 2019). The sediment columns were
incubated in the dark at the in-situ temperature of 16 £ 1 °C. During incubation, 10 mL
of overlying water was sampled at approximately 10 mm above the sediment-water
interface for DO measurement with Unisense OX50 (Denmark), and was subsequently
filtered with a 0.45 um filter for nutrient analyses at a given interval time. After each
sample collection, all cores were replenished with the original filtered water to

compensate for the sampling losses.

2.3 Estimation of nutrient release fluxes from overlying water gradients
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During the sediment core incubations, the fluxes of nutrients at the sediment-water

interface were calculated by the following equation:
v=k-V/A (1)

Where v represents the flux of dissolved matter (ie., ammonium (NH4"), nitrate
(NOs") and dissolved oxygen (02)) at sediment-water interface (mmol m2d™"); k is
determined by the linear regression of calibrated concentration (C;,) of NH4" and NOs”
with time, mmol L™'d™!; V (L)is the overlying water volume, L; A (m?)is the surface
area of the sediment column, m?. DO consumption rate can be obtained by directly
using the Eq (1).

There was an equal supplementation of culture water to sediment core after per
interval sampling during sediment core incubations, the concentration of nutrients of
overlying water should be corrected according to Eq (2):

Ch=Cut (Chuy—Co) -Vp/V ()

Where C, (mmol L) is the corrected concentration of nutrients (NH4" and
NOs") at times n (>2); C,, (mmol L) is the overlying water concentration of nutrients
(NH4" and NO;3") determined at times n (>1); €, (mmol L) is the concentration of
nutrients (NHs" and NO3") of culture water; V (L) and V, (L) are the overlying water

volume and the sampling volume respectively.

2.4 Bag incubation and oxidation rates evaluation
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In view of the aging process of algal debris and sediments after core incubations,
the mineralization of SOM in deeper sediments would be inevitably affected due to
“bulk effect” with strongly anaerobic environment (Liu et al., 2014). Therefore, the
effect was explored using polyethylene sealer (NEN/PE) bag incubations (Hansen et
al., 2000). Briefly, after core incubations, each treatment was sectioned in a N»-filled
NEN/PE bag at 1- or 2-cm sediment interval down to 8 cm depth. Sections from the
same depth were pooled, mixed, and loaded into gas-tight plastic bags to a final volume
of 400—800 mL (Fig. 1b). These bags were further incubated in N»-filled storage bags
with 10 cm in length and width to further ensure anoxia and were sampled on days of
1, 10, 17, 29 and 42. All incubations were performed under the same condition as
sediment core incubations.

Following Thomsen et al. (2004), sampling from each bag was initiated by
subsampling 3 ml sediments and the sediment was quickly transferred to a 20 mL serum
bottle which had been purged with N> for 1 min. The bottles were stoppered with a
butyl rubber septum and crimped immediately. After 20 min shaking and standing, the
diffusion of CH4 in sediments can reach equilibrium with the headspace in the bottle
(Ntsslein et al., 2001; Abe et al., 2005, 2010), which can represent the CH4 generation
capacity of the sediment on the sampling days. Then, CH4 determination was performed
on a gas chromatograph immediately (GC7890, Agilent, USA). Finally,
methanogenesis rate was derived from the Michaelis-Menten equation of CHg
concentration with time (that is the 1st, 10th, 17th, 29th and 42nd day). Porewater and

sediment samples were also subsampled from bags at the same time for analyzing DIC,
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NH4", NOs", Fe?*, SO4%", CHa, solid phase Fe and excitation—emission matrices (EEMs)
tracing the composition of dissolved organic matter (DOM). A description of the
sampling procedure in different treatments and chemical analyses given in Supporting
Information.

The rates of DIC accumulation, NH4 "-N accumulation, iron reduction (R(Fe)), and
sulfate reduction (SRR) were also derived from the Michaelis-Menten equation with the
time-series concentrations of DIC, NH4'-N, Fe*'| and SO4* in the porewater,
respectively (Liu et al., 2020). Denitrification rate (R(NO3)) was determined at each
sampling day by the !°N-tracer technique (Hou et al., 2015; Song et al., 2013).

Total carbon oxidation rate (TCOR) was the sum of accumulation rates of DIC
and CH4 of different interval sediments (Sobek et al., 2009; Sutton-Grier et al., 2011).
The depth-integrated rates of reduction processes were the sum of corresponding
reduction rates in each sediment profile during bag incubation (Hyun et al., 2007, 2009).
Through the stoichiometry of each reaction (i.e., SO4> to organic carbon of 1:2, NOs”
to organic carbon of 4:5, Fe*" to organic carbon of 4:1, CH4 to organic carbon of 2:1)
(Randlett et al., 2015), the anaerobic rate (Ranaerobic) of SOM and the relative
contribution of microbial reduction to the fraction of SOM mineralized with electron
acceptors was obtained, where Ranaerobic Was calculated as Eq (3):

Ranserobic =1.25°R(NO3) + 0.25'R (Fe (II)) + 2-SRR + 2-R(CHy) 3)

2.5 Priming effect study

10
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2.5.1 Preparation of labelled algal debris

As a source of tracer and possible priming of OM, Microcystis aeruginosa were
cultured in BG11 (Liu et al., 2018) containing 30% '*C-enriched bicarbonate (Sigma,
Germany) and were treated as described in previous studies (Moodley et al., 2000; van
Nugteren et al., 2009; Wert et al., 2014). Briefly, the algae were harvested during the
exponential growth phase (20—28 days). To remove the '*C-bicarbonate, the algal
suspension was centrifuged three times at 5000 r min~! for 10 minutes using 18 MQ
deionized distilled water. The washed cells underwent three freeze/thaw cycles (-70/25
°C) to induce cell lysis, and then were centrifuged again to discard the supernatant, and
then freeze-dried. This produced axenic algal-derived carbon was obtained with the

value of 28.9% &'3C. The chemical characteristics of algal debris are listed in Table S1.

2.5.2 PE experiments

To explore the phenomenon of PE during algal debris accumulation on the
sediment surface, three treatments were performed in 2.5 L culture bottles (i.e., bottom
area, 125 cm?) with two replicates for each. Sediment only treatment consisted of 100
mL of sediments (i.e., the surface of sediment cores). The additive amount of labeled
algal debris in the once-amended and %20 amended was equivalent to 6 and 120 g dw
m 2 of wet sediment (ws), respectively. Finally, the bottom water (300 mL) was added
to all treatments and was purged for 20 min with high purity N> to induce anoxic

11
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conditions followed by sealing the bottles. Each bottle was put in the constant
temperature box (16 = 1 °C) and connected to a Picarro G2201i isotope ratio mass
spectrometer (Picarro, Inc., Santa Clara, C. USA) for real-time determination of CH4
and COz (Fig. 1c). The pH and DO in overlying water were analyzed in real time during
incubation by online meters (Mettler-Toledo, AG, Analytical, Schwerzenbach,
Switzerland). Overlying water (9 mL) was sampled on the day of 0, 1, 3,7, 14, and 17,
and was filtered with a 0.45 um cellulose acetate filter for the detection of the

concentration of DIC, Fe?" and the value of DIS'*C (-10.89%o, background value).

2.5.3 Monitoring process of CHs and CO;

The concentrations of CHs and CO; and the values of §'°C-CH4 and §'3C-CO» of
each treatment were determined for 5 minutes during one measurement cycle. During
each measurement interval, the analyzer was purged with high purity nitrogen (>99 %)
for 5 minutes to wash the system for accurate detection. More than twenty
determination cycles could be obtained per day of each treatment. The CO>-CHg4
simultaneous mode of Picarro G2201i1 analyzer which was used in the study has a 5
min-averaged precision of <0.16%o for §'3C-CO. and <1.15%0 for &'*C-CHa,
respectively and the detection limit of 100 ppm for CO; and 1.8 ppm for CHa,
respectively. Finally, the instrument response signal could vary during the 5-minute
measurement cycle but always achieved a stable phase for 2 minutes during the cycle.
The average concentrations and the isotope values of CH4 and CO» of each day were

12
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calculated from these 2-minute stable phases. For the assessment of PE, more details of
the > CO> concentration calculation derived from the PE were based on van Nugteren
et al. (2009). Additional details regarding analytical methods are shown in Supporting

Information.

2.6 Statistical analyses

Linear, and nonlinear fittings were conducted using origin Lab 9.0 software. All
statistical calculations were performed using SPSS 22.0. One-way analysis of variance
(ANOVA) was used to test the statistical significance of differences among different

treatments. All statistical analyses were considered significant at p < 0.05.

3. Results

3.1 DO and nutrients fluxes from overlying water gradients

As shown in Table 1, the average consumption rate of DO in the x20 amendment
was significantly higher than that of the control (p < 0.05), resulting in an anoxic
condition in the X20 amendment on the 4th day during sediment core incubations. A
high concentration of ammonium (NH4") with the effluxes of 11.70 +2.81 and 1.83 +
0.15 mmol m2d ! were found in the x20 and the x1 amendment, respectively; thus the
treatments acted as sources of NH4" while the control acted as a sink of NH4". NO3™ in

13
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overlying water was constantly consumed with an average flux of 3.81 + 1.03 mmol
m2d! in the x20 amendment which was 4.00 and 3.30 times as much as that in the
control and the x1 amendment, respectively. The highest NH4" flux in the overlying
water was found in the xX20 amendment among the three treatments, which was

consistent with high NH4" accumulation rates during bag incubation (Table S2).

3.2 Characterization of dissolved organic matter.

Five DOM components (C1-C5) were shown as obtained during the bag
incubation in Fig. S| and Table S3. Moreover, the detailed characteristics of DOM were
described in Supporting Information. The contribution of total humic-like OM (C1, C3,
C4, and C5) was obviously higher than that of tryptophan-like (C2) OM in all
treatments (Fig. S2). The relative contributions of C1, C2, and C3 were decreased but

C4 and CS5 increased over time (Fig. S2).

3.3 Carbon mineralization

As aresult of the organotrophic microbial activity, DIC and NH4" can be indicators
of the SOM degradation extent and the PE (Hannides and Aller, 2016). The
concentrations of DIC and NH4" greatly increased over the incubation time and were
significantly higher in the x20 amendment than that in other two treatments (Fig. 2).
The highest concentrations of DIC and NH4" were found at the topmost layers with the

14
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peak values of 9.38 and 2.33 mmol L}, respectively at the end incubation in the x20
amendment. The accumulation rates of DIC in the pore water peaked at the topmost
layer at 168.60 +2.76 umol L™ d™! (in x20) with intensive variation below 2 cm (Table
S2). Higher total carbon oxidation rates were observed in the low and high densities of

algal debris treatments compared to the control as shown in Table 2.

3.4 Anaerobic mineralization processes and rates

NOs3™ concentrations in the pore-water were below detection in the three treatments.
The potential denitrification rate determined by a '’N-tracer technique was highest at 1
cm with a value of 13.10 = 0.84 umol L™! d™! and then decreased to 6.90 + 0.09 umol
L ! d! below 1 cm in the control (Fig. 3a). The same vertical distribution was found in
the x20 amendment. In the X1 amendment, the potential denitrification rate was highest
at the bottom, with a value of 10.20 = 0.09 umol L™ d™!, followed by that in the surface
sediment. Among the three treatments, the highest potential denitrification rates (8.50
£0.20 - 10.20 £ 0.09 pmol L™! d ') were observed in the X1 amendment except for that
in the surface of the control.

The concentration of dissolved Fe?* in the control was higher than that of the
amended treatments, with the average values of 2.89 umol-L! at the first day of bag
incubations (Fig. 4a). However, Fe?" concentration in the overlying water was highest
in the x20 amendment before 3 days during PE study (Fig. S3a). The total Fe was
dominated by Fe (II) (Fig. 4d, ). For the Fe reduction rate, above 2 cm, higher rates
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were found in the amended treatments compared with the control (Fig. 3b). Below the
2 cm, there is a similar behaviour between the X20 amendment and the X1 amendment
(Fig. 3b).

The SO4*" concentrations, and the SRR were lowest in the x20 amendment (Fig.
3¢, 4b). The two parameters showed similar characteristics among all treatments; both
were highest in the top 1 cm of sediment and then gradually decreased with depth. The
depth-integrated rates of sulfate reduction were independent of the biomass of added
organic matter, with the values of 17.67 £ 1.80, 16.69 = 0.41 and 5.86 + 0.61 nmol cm 2
d ! in the control, x1 amendment, and x20 amendment, respectively (Table 2).

At the sediment surface, the CH4 concentration in the x20 treated amendment was
slightly higher than that in the other two treatments (Fig. 4c), and decreased with depth
but increased sharply below 4 cm. The reverse vertical distribution was found in the
control. CH4 concentration in the x1 amendment of each depth was the lowest among
the three treatments. Methanogenesis rate in the x20 amendment at a depth of 0—1 cm
was the lowest among the three treatments but increased sharply to the highest rate of
9.17 £ 1.17 umol L' d! in the bottom sediment (Fig. 3d). The depth-integrated
methanogenesis rates were 14.17 +£2.00, 13.52 + 1.79 and 27.89 + 1.24 nmol cm 2 d!

in the control, the x1 and the X20 amendments, respectively (Table 2).

3.5 Priming effect

The combined use of carbon isotopes in §'*C-CO,, §°C-DIC and §'*C-CH4 can

16
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elucidate the extent of organic matter degradation (Du et al., 2020). As shown in Fig.
5aand 5b, the §'*C-CO» and §'3C-CHa values (No data at day 0 due to zero or negligible
CH4 and CO; concentration) in the x20 amendment were higher compared with that of
the x1 amendment. Algal debris addition indeed enhanced the release of ) CO., but the
contents of ) CO> were independent of the amount of algal carbon added (Fig. 5c, Fig.
6a). The production of CH4 was minimal initially but increased rapidly after a lag period
of 10 days in the x20 amendment (Fig. 5d). There was little CH4 (<0.1 ppm) release in
the x1 amendment. On the other hand, DIC was a primary end product which was
another form of CO; before diffusing to the atmosphere. The enrichment of §'*C-DIC
values were observed in the x20 amendment compared with that of the x1 amendment
and control, despite similar DIC concentrations in the two amended treatments (Table
4).

The pronounced difference in sediments carbon content influenced sediments
organic carbon mineralization rate (the sum of DIC and CH4 produced). TCORs in the
x]1 amendment and %20 amendment were higher than that of control during the
incubation periods, respectively (Fig. 6a). There was an average of 6% £ 1.59% > CO»
originating from the algal debris in the X1 amendment (Table 3). Therefore, the rest of
the Y CO; excess fluxes (88% =+ 3.0%) compared with the control potentially originated
from the priming responses. For the x20 amendment, an average 9% + 1.46% of > CO-
was from algal debris degradation (Table 3). The highest PE was found in the x1
amendment, and the PE was equivalent to 2.90-5.00 times the mineralization content
of control (Fig. 6b). PE was always positive before the 17th day in the x1 amendment
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and x20 amendment (Fig. 6b).

4. DISCUSSION

4.1 Impacts of algal debris on carbon mineralization.

Oxygen depletion by microbial degradation of the sinking algal debris induced
hypoxia/anoxia (Table 1). The redox potential in sediment can also be greatly decreased
after algal decay and result in strong reducing environments in quiet water (Liu et al.,
2014). With favorable conditions for strongly anaerobic microbial activities in the
whole sediment, it was reasonable that higher DIC and NH4" concentrations were found
in the amended treatments (Fig. 2). The observed higher concentration profiles of NH4"
and DIC in the amendments indicated that the mineralization rates, such as those found
in marine sediments, were determined by the concentration and reactivity of the OM
(Muller et al., 2003; Petranich et al., 2018). Subsequently, higher TCORs of sediments
in the amended treatments were found in the study (Table 2). The lowest DIC to NH4"
(C/N) ratio of each interval sediment was observed in the X20 amendment, ranging
from 3.26 to 7.47, compared with 6.97 to 28.12 in the X1 amendment and 8.07 to 15.77
in the control, respectively (Fig. S4). This further indicated labile AOM was available
for anaerobic degradation and could facilitate the SOM mineralization. DOM is the
intermediate product of OM mineralization that can substantially exist in an anoxic

environment (Yang et al., 2014; Zhou et al., 2019). A high humic-like component (>
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80%) was also observed in all treatments (Fig. S2) which also indicated the difficulty
of DOM degradation by microbial activities. The main cause might be that DOM have
been mineralized early wherein labile algal DOM such as tryptophan-like substances
were consumed rapidly, leaving dominantly humic-like components (Wang et al.,

2018b).

4.2 Impacts of algal debris on SOM mineralization.

The activities of denitrifiers were enhanced by AOM immediately after algal
debris accumulation, followed by the rapid consumption of NOs3™ (Table 1). By
exploring the potential denitrification rate of sediments, we found that there were
different denitrification intensities in sediments affected by the accumulation of algal
debris. Low density algal debris in sediment has been known to benefit the anaerobic
metabolism of microbes in the X1 amendment with higher denitrification rate (Fig. 3a),
with the relatively high contribution of denitrification (i.e., 55%) to SOM
mineralization in the control. The denitrification rate was the lowest in the x20
amendment and the NH4" accumulate rapidly (Fig. 2b, 3a). We suggested that algal
accumulations in shallow lakes might cause negative impacts on nitrogen removal and
make more nutrients available for algal proliferation. Similarly, it has been reported
that the excessive algal biomass > 150 ug L™! Chl-a can decrease the amount of nitrifiers

and denitrifiers (Zhu et al., 2020). Hence, this study proved the “double-side effect” of
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AOM on the denitrification process in sediment which played a critical role in the
nitrogen cycle.

In the presence of algal biomass, the iron reduction rate was inhibited in the top 2
cm of sediments compared with the control (Fig. 3b). We assumed that iron reduction
had intensively occurred immediately after the addition of algal debris, which resulted
in minimum contribution to total carbon oxidation (Table 2). The reasons for this
assumption as follow: 1) the PE experiment showed that the Fe?* concentration in the
overlying water increased within 2 days after algal debris addition (Fig. S3a), indicating
that a rapid microbial reworking of autochthonous bio-labile AOM (within 48 h) likely
fueled the accumulation of Fe?" through iron reduction; 2) significant iron reduction
was dependent on the presence of poorly crystalized Fe (III) (Thomsen et al., 2004).
The inventory of Fe**, Fe?" and total Fe in sediment was below 175 umol g ! ws in the
amendment (Fig. 4d-f) and could not, therefore, efficiently out-compete sulfate
reduction or methanogenesis in freshwater or marine sediments (Hyun et al., 2007,
Hyun et al., 2009).

In the present study, the lowest SO4>~ concentration in the porewater was found in
the %20 amendment, verifying that the microbial sulfate reduction process was
enhanced by the initial addition of high density algal debris (Tang et al., 2019). The
sulfide could react with Fe (II) to form iron-sulfide precipitates (FeS or FeS; (pyrite))
(Tang et al., 2019), potentially reducing Fe (II) concentration in water and sediments
(Fig. 4a and d). Accordingly, the concentration of Fe?" in the overlying water and
porewater reduced sharply after 3 days in the PE experiment (Fig. S3a, b), which also
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confirmed the intense sulfate and iron reduction activities during early degradation of
algal debris. However, the activity of sulfur reducing bacteria can be inhibited within 4
mmol L™! of SO4* (Jordan et al., 2008). The highest SRR was observed in the x1
amendment contributing 20% to the total carbon oxidation, while sulfate reduction was
not a likely candidate (contributed 5% to TCOR) in the x20 amendment (Table 2). SO4*
was strongly depleted to a stable background level at early addition of AOM, and,
during the incubations, DIC production was not balanced by sulfate consumption in the
%20 amendment (Fig. 4b, Table 2). To sum up, long-term bag incubations showed that
early-aged algal debris accelerated SO4> consumption and reduced Fe** accumulation
in pore water (Fig. 4a, b). These observations suggested that SOM mineralization might
be dominated by different anaerobic pathways at different periods following
accumulation of algal debris.

Low density algal debris addition as X1 amendment did not lead to CH4 generation
(Fig. 4c, 5d). However, higher CH4 concentrations were observed in the early stage
addition of higher algal biomass (Fig. 5d). The ebullition of CH4 was also noticed in
the x20 amendment during core incubations and the release rate of CH4 was enhanced
with values ranging from 0.11 to 5.66 nmol m2s! (data not shown). This phenomenon
was weakened after long term accumulation, with 24% contribution to total carbon
oxidation in the x20 amendment (Table 2). We speculated that the labile AOM fraction
might be responsible for the CHy ebullition (Borges et al., 2015), and CH4 ebullition in

shallow-lake mesocosms was shaped by the deposition of algal debris.
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4.3. Possible interaction of PE and mineralization pathways.

TCORs were enhanced during long term accumulation of algal biomass (Table 2),
especially during the early stages of biomass addition (Fig. 6a). To clarify the priming
effect of AOM on SOM, the values of §'*C-DIC and §'*C-CO», the concentrations of
DIC and CO; were studied systematically (Fig. 5). Previous studies showed that §'°C-
CO; and §"*C-CH4 values were negative because of their natural source (Laskar et al.,
2016; Hartmann et al., 2020; Yacovitch et al., 2020). However, Microcystis aeruginosa
was labelled with NaH'*COj3 (30% of total DIC) before incubation, thus, higher §'*C-
CO> and 8"*C-CH4 values were observed in the x20 amendment (Fig. 5a and b). This
observation also agreed with the recent investigations involving algae-labelled by §'°C,
where §'°C-CO, and §'*C-CHa4 were highly positive during oxic/ anoxic environment
(Blair et al., 1996; Moodley et al., 2005; Hartmann et al. 2020). Compared with x20
amendment, higher concentration of YCO> and lower §'*C-YCO> value in the x1
amendment indicated that } CO> might be largely from SOM mineralization.
Consistently, PE value also indicated that a minor addition of fresh OM (x1 amendment)
could induce SOM remineralization with higher PE value at early accumulation periods
of algal debris, and the positive PE of AOM on SOM lasted for 17 days (Fig. 6b). To
prove this, the TCOR of SOM evaluated by PE contribution (Rrcorre) and the
anaerobic degradation rates of SOM assessed by different acceptors (Ranaerobic) Were
compared. As shown in Table 2, in the X1 amendment, the value of Ranaerobic of SOM
mineralization was 146.05 + 4.50 nmol cm™ d ™!, which was close to Rrcor-pe value
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(148.07 £ 25.09 nmol cm™ d!) (Table 2). However, the value of Rrcor.pe Was close to
but still higher than Ranaerobic in the x20 amendment. The reason might be that the
depletion of Fe (III) and SO4* after algal debris addition lowered the Ranaerobic in the
x20 amendment. Whatever the cause, this confirmed that the use of PE data to calculate
of the mineralization rate of total carbon could reveal the actual SOM mineralization
rate and distinguish the relative contributions of SOM mineralization and AOM
degradation. The release of terminal products such as DIC and nutrients were largely
from the mineralization of the SOM, not the decomposition of AOM. Hence, this study
modified the present views that nutrient release largely resulted from algal blooms in
eutrophic lakes. That is to say, algal debris long-term accumulation could indeed
facilitate SOM as an important endogenous source. To the best of our knowledge, this
is the first study to simultaneously track the dynamic processes of DIC, nutrients, and
PE. This study provides new insights into the transformation rules of AOM and SOM

in shallow eutrophic reservoir/lakes.

5. Conclusions

The present study showed that the accumulation of algal debris increased DIC and
nutrients emissions in the sediments. The mineralization rates of SOM in the low and
high density algal debris treatments were 1.23 and 1.91 times higher than that of the
control, respectively. High load of algal debris could induce > CO; and CH4 emission
and rapidly consume other electro acceptors, resulting in denitrification dominanted
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SOM mineralization. Consistenly, the PE results indicated the potential positive
priming effect of AOM on SOM, where the addition of algal debris increased CO>
production by 6 folds in the x20 amendment, with more than 84% coming from SOM
degradation. Herein, the existence of PE has been successfully demonstrated by the
release of DIC and nutrients mainly from the mineralization of the endogenous SOM.
The combination of PE and anaerobic mineralization pathways in this study provides a

new insight into the effects of algal debris on SOM mineralization.
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721

722  Table 1. Measured fluxes from sediment core incubations

723
Measured fluxes rate + SE (n)
Treatment Parameters
(mmol m2d ™)
02 -9.51+0.22
Control NH4* -2.23+0.21
NO;~ -0.92 +£0.41
0O, -10.31 £ 0.89*
x1 amendment NH4* 1.83 £0.15%*
NOs3~ -1.41+£0.32%*
02 -1431 £2.31%*
x20 amendment NH4* 11.70 £2.81**
NOs3~ -3.81+1.03**

724  One-way analysis of variance (ANOVA) is used to test the statistical significance of

725 differences of nutrients between amended treatments and control.

726 ", p<0.05;",p<0.0l.

727
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728  Table 2. Depth-integrated rates of different anaerobic pathways, as well as TCOR and anaerobic degradation rates of SOM assessed by

729  different acceptors (Ranaerobic) during bag incubations. TCOR of SOM (0-8 cm) evaluated by PE contribution (Rtcor-pE).

TCORb I{anaerobicc RTCOR-PE d
Microbial process rate (nmol-cm2-d™})
(nmol-cm2-d’!)  (nmol-cm>-d™) (nmol-cm™2-d’")
Treatment Sulfate 0-8 cm 0-8 cm
Denitrification  Iron reduction Methanogenesis
reduction
Control 59.56 +£0.38 4.27+0.18 17.67 +1.80 14.17 +£2.00 136.10 + 6.93 139.17 £ 6.58 --
% Total® 55 1 26 21
x1 amendment 67.50+0.22 5.01 £0.73 16.69 + 0.41 13.52+1.79 167.93 +7.83 146.05 +4.50 148.07 +£25.09
% Total 50 1 20 16
%20 amendment 56.26 £0.18 6.46 £ 0.69 5.86+ 0.61 27.89 £ 1.24 260.24 + 8.27 139.42 + 3.68 217.81 +8.79
% Total 27 1 4.5 24

730
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731  2“% Total” is the percentage of each microbial process to the total carbon oxidation; ® TCOR was the sum of accumulation rates of DIC and CH4 of different interval
732 sediments; ¢ Ranaerobic Was the sum of interval sediment Ranaerobic according to the stoichiometric equations (Randlett et al., 2015); ¢ Rrcor-pe is the product of TCOR

733 and %(SOM), where %(SOM) was the contribution of SOM mineralization to TCOR evaluated from PE experiment.
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734

735

736

737

738

739

Table 3. End YCOx concentration in the different treatments (mg L") and the average
contribution of algal debris to carbon oxidation in the amended treatments under anoxic

conditions at the end of the experiment during PE experiments.

Treatment Average algal Maximum Y CO,
End Y CO, 313C of Y.CO,
debris from C-
(mg L) produced (%o)
contribution (%) dissolution (%)
Control 6.11 0 -49.95 3.61
x1 amendment 9.55 6.36 3.12 3.61
1.59
%20 amendment 27.83 8.61 L 464.33 3.61
1.46

Maximum dissolution was taken to be constant per given sediment and dissolution in amended

treatments, equal to corresponding control-background dissolution values. All values are average of



740  Table 4. The value of §'*C-DIC and §'*C-CO,, and the concentration of DIC and CO»

741  in the amended treatments during PE experiments.

742

Time DIC 313C- DIC CO;
Treatment 813C-CO2 (%o)
(days) (ppm) (%o0) (ppm)
1 1.51+0.27 58.91 1.60+0.64 -21.19+3.20
7 1.46+0.42 48.78 2991+1.89 -17.71+0.10
x1 amendment
14 1.62+0.35 47.54 4249+034 -17.22+0.12
17 1.35+0.12 43.21 3791 +£1.21 -16.05+0.07
1 1.42+0.17 252.48 1.48 +1.02 67.14 £14.39
7 1.91+0.62 395.48 21.64+0.97 306.78 £9.30
x20 amendment
14 2.55+0.19 400.39 29.80 £0.66  400.12+2.72
17 2.19+£0.54 418.69 33.67+1.04 4225+2.12
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Figure legends
Fig. 1. Schematic diagram of experimental facility (a) core incubations; (b) bag

incubations; (c) The diagrammatic sketch of experimental devices.

Fig. 2. (a) The vertical distribution of DIC and (b) NH4*-N in the pore water of

sediments during the experiment. The error bars show the standard deviation (n = 3).

Fig. 3. Vertical distributions of (a) the denitrification rate, (b) the iron reduction
rate, (c) the sulfate reduction rate, and (d) the methanogenesis rate in the various
treatments during bag-incubation experiment. The error bars show the standard

deviation (n = 3).

Fig. 4. Vertical distributions of chemical compounds in liquid and solid phase at the
beginning of bag incubation in the different treatments. (a) Fe**, (b) SO4>", (c) CHain
pore water, (d) Fe (II), (e) Fe (III), and (f) total Fe in the solid phase during the bag-

incubation experiment. The error bars show the standard deviation (n = 3).

Fig. 5. The dynamic of §'3C-COz (a) and 5'°C-CHy4 (b); The concentrations of CO: (c)
and CH4 (d) in the head space of different treatments during PE experiments. The error

bars show the standard deviation (n = 24).
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767

768

769

770

771

Fig. 6. (a) The amount of 2 CO; mineralized after 7, 14, and 17 days of incubation in
background (Unamended) and amended (single and 20—fold load) sediment (n = 3)
during PE experiments; (b) Division of 2 CO; excess fluxes above unamended rates
between that from tracer algal organic matter (AOM) and that of sedimentary organic
matter (SOM) priming after 7, 14, and 17 days of the priming effect study. The error

bars show the standard deviation (n = 3).
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Text S1 Description of sampling method

Samples of undisturbed surface sediments (0-30 cm) were collected using
Plexiglas tubes sampler, and then were stored in sealed polyethylene barrels. The
overlying water (25 L) was collected and filtered through pre-combusted GF/F filters
for a subsequent incubation experiment and other analyses after detecting the water
quality parameters with HACH Q40 (USA). The sediment cores were transported to
the laboratory, and stored at in-situ temperature (16 + 1 °C) within 12 hours from
collection. The characteristics of the sediments and water is listed in Table S1.

At the beginning of the experiment, the overlying water was siphoned from each
core. After the algal detritus was added to the sediment surface, the cores were

carefully replaced with filtered bottom reservoir water.

Text S2 Description of sampling processes during bag incubations

In order to reveal the total carbon oxidation rate and the rates of denitrification,
iron reduction, sulfate reduction, and methanogenesis, a specific sampling process was
conducted as following. During bags incubations, firstly, sampling 50 mL sediment to
two 50 mL centrifuge tubes respectively in each interval time, pore water was extracted
with 2.5 OD Rhizons soil moisture samplers (Rhizosphere, Wagenigen, Holland) from
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849
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854

each layered sediment. Next, 5 mL porewater was filled with the 5 ml brown tube
leaving no head space and was kept in 4 °C for the analysis of DIC next day. 5 mL
porewater was determined for the concentration of Fe?* within 1 h after sampling.
Subsequently, 10 mL pore water was placed in a 15 mL centrifuge tube which were
immediately frozen at -20 °C for later analysis of UV, EEMs, NOs~ and NH4". 5 mL
pore water was placed in a 10 mL centrifuge tube, acidified with 6 mol L™! HCI (1%
vol), and stored for the later determination of SO4>".

Denitrification rate (R(NO3)) was determined at each sampling day by '°N-tracer
technique (Hou et al., 2015; Song et al., 2013). The process of determining
denitrification rate was conducted in culture container vial (Labco, EK) as described by
Song (2013) (Song et al., 2013). Briefly, 1.5 mL sediment sample was transferred to
the vial and mixed with 10.5 mL He-degasses bottom water, stoppering by a plug for
pre-incubation in the same condition as mentioned previously to run out NO3;™. And
then, 1.5 mL Na'’NOjs solution was added to the tube to a final concentration of 100
uM after 10 h pre-incubation. In the following incubation time, vials were periodically
shaken to ensure that labeled N was homogenously distributed and 5 subsamples were
withdrawn during incubation. The sampling time series were 0, 2, 5, 9, and 24 h, with
two parallels. At each sampling time, 0.5 mL ZnCl, (0.5 g mL™!) solution was added to
the designated tube to stop the activity of the microorganism. The vials added ZnCl,

were stored in the condition (16 £ 1°C, dark) until subsequent N> isotope ratio analysis.
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29N, 3'Ny, and O3 in the culture solution were measured on a membrane interface mass
spectrometer (MIMS) (Kana et al., 1994).

For bulk sediment samples, 0.5 g sediments were taken at each sampling time for
the determination of solid phase Fe during bag incubations. The sediment was extracted
by adding 8 ml 0.5 M HCI solution and shaking for 1 h at room temperature, and then
centrifuged at 5000 rpm for 5 min. The supernatant was filtered by 0.45 um cellulose

acetate filter to analyze total Fe, L-Fe (II), and Fe (III).

Text S3 Details regarding analytical methods

The concentration of NH4" and NOs~ were determined by Nessler's reagent
colorimetry and dual wavelength ultraviolet spectrometry (Huang et al., 1999). POs*
was determined by molybdenum blue spectrophotometric method (Huang et al., 1999).
DO concentration in overlying water was measured by portable dissolved oxygen meter
(HQ40D, UAS).

The concentration of DIC in pore water was measured by the following method
(Hannides and Aller, 2016). Briefly, 2 mL filtered water was transferred through
syringe into a N pre-flushed vial with 0.5 mL 1 M HCI sealed with a shrimp cap with
rubber septum. Following the acidification and shaking for 20 min, the concentration
of CO> at headspace was measured by Gas chromatography (GC7890, Agilent, USA).

Fe(Il) in porewater and L-Fe(II) extracted from sediment was determined by ferrozine
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method (Thomsen et al., 2004). 5 ml ferrozine solution containing 1% hydroxylamine
hydrochloride was add to 100 pL filtered water extracted from sediment and was
determined at 562 nm after 15 min static response for total Fe. The Fe(III) concentration
was the difference between total Fe and Fe(I). The concentrations of SO4>~ and CHa
were measured using an ion chromatograph (ICS-2000) and a gas chromatograph
(GC7890, Agilent, USA). Spectral scanning was performed with an ultraviolet-visible
spectrophotometer (UV 2700, Shimadzu, Japan).

Fluorescence EEMs were scanned with a fluorescence spectrophotometer
(Fluorolog-3, Horiba, Japan) at the excitation/emission wavelengths of 250-450/280-
550 nm, in 5-cnm intervals/1-nm intervals. Blank EEMs and Raman scans (Aex = 350
nm, Aem = 360-450 nm at 1nm intervals) of Milli-Q water were also collected (Murphy
et al., 2013). The PARAFAC modeling was conducted in MATLAB (R2012a) using
the drEEM and N-way toolbox and a total of 83 fluorescence EEM data array were
obtained for the PARAFAC modeling and statistical analysis (Murphy et al., 2008).
After several post-acquisition steps (i.e., scattering removal and data arrangement) for
correcting the fluorescence EEM spectra, the PARAFAC models with five components
were computed. The residual analysis, split half analysis, and visual inspection were
applied to determine the correct numbers of components (Stedmon and Bro, 2008).

In PE study, following the acidification (0.5 ml 1M HCI), the headspace §'°C-
> CO>2 were measured using a isotope ratio mass spectrometer (MAT 253plus, Thermo

Finnigan, USA). Total Y CO; was the sum of that measured directly in the slurry bottle
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gas-phase and liquid-phase upon acidification. Carbon isotopes are expressed in the

delta notation (8'3C) relative to Vienna Pee Dee Belemnite.

Text S4 Characterization of dissolved organic matter

Using the EEM-PARAFAC, five DOM components (C1-C5) were obtained in our
study (Fig. S1, Table S3). Compared with those identified in other aquatic ecosystems
(Murphy et al., 2013), C1 was similar to a microbial humic-like fluorophore and
generally considered to be associated with biological activitcies or eutrophication. C2
could be classified as tryptophan-like substances that was traditionally considered to
come from autochthonous compounds. C3 was characterized as humus associated with
UVA compounds. C4 was also a type of humic-like which was similar to that of marine-
humic materials. C5 basically fell in the range of the terrestrial fluorescent component
defined by Coble (1996) (Coble, 1996), as it was primarily observed in the open ocean
environment. C1 was accounted for nearly a half of the total fluorescence intensities in
the x20 amended treatment but decreased over time and lower than that of the control
at the end of the cultivation. The relative contribution of the components of C2 and C3
in the x20 amended treatment was also decreased during cultivation. Thus, the
contribution of C4 and C5 increased at the end of experiment, indicating that SOM
composition was dominated by humus and unstable AOM has been abundantly

transformed into refractory organics.
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918  Table S1 Characteristics of algal debris and sediments.

Wet
313C- §13C- Chl-a Weight
Sample N (%) C/N
(%) OM carbonate (ug/g)
(g)
Sediment  3.91 0.60 6.52  -14.5%o 0.50 0.43 12.38
Algal-
. 35.41 3.65 9.70 28.9% - 3136 -

debris

919
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920 Table S2 Accumulation rates (umol-L™!-d™") of DIC and NH4*-N of different

921  sediment depths in the various treatments during bag incubations.

Depth DIC (umol-L™'-d™") NH; -N (umol-L!-d™1)
x1 x20
range
Control x] amendment  x20 amendment Control amendme amendme

(Cm) nt nt

0-1 49.92 +2.84 18.16 +3.93 168.60 £2.76 5.03 £0.00 1.45+0.05 18.11 £2.33
1-2 25.43+0.84 31.00 + 8.45 22.52+6.70 3.45+0.49 0.98 +£0.32 431+0.52
2-3 7.15+3.82 8.09+3.16 10.58 £2.31 0.26 + 0.09 0.61+0.07 0.50+0.15
34 12.31+2.08 30.04 +£3.73 1697 +£1.17 0.09+0.01 0.24 +0.05 1.24 +£0.75
4-6 11.01 £1.54 24.66 +1.61 5.80 £ 0.68 0.94 +0.03 0.61+0.17 5.18+0.59
6-8 2.55+042 8.90 £ 0.07 1.05+0.07 2.38+0.04 2.73 £0.08 9.01 £1.67

922

923  R?2: the coefficient of linear regression between the concentration of DIC or NH4*-N and

924 incubation time.
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925 Table S3 Excitation (Ex) and emission (Em) maxima of the five PARAFAC

926  components and possible assignments.

Component EXmax Emmax Classify Source
(nm) (nm)
Cl 340 424 Humic-like Microbial life activities or
eutrophic water bodies(Zhou
etal., 2019)
C2 280 344 Tryptophan-like Autogenetic(Murphy et
al., 2013)
C3 280/385 504 UVA humic-likec Terrigenous and
Autogenetic(Murphy et al.,
2013)
C4 315 360 Marine humic-like Microbial degradation of
phytoplankton(Murphy et al.,
2008; Yang et al., 2014)
C5 275/410 458 Terrestrial humic-like  Terrigenous(Zhou et al., 2019)
927
928

S10



929

Comp2 Comp 1 Comp2 Comp3
50| E) oSl | oa i -
| Ex fUEx
580 E |
a2z 4 ; 015
430/ -~ 2 ois \ 03 .
£ \ ‘ j
400 s ! 02 [T
2. | | |
3% ™ Z/‘\\‘.\Em paf | /o Em 0ss
x » S
25 380 35 408 450 I3 e 3N 48 4% 300 40 500 T e -
Ex (mm)
Comp 4 Comp 5 Comp 4 Camp s
= * v{’E os f‘azx
= 1 {1
£ - =
4 “ ,/ |
350 o1 Y™
300 /A X
_ = o J«' " .
300 0 500 300 400 508
930 f mhu;;;)m = 3..1::-)“ - wavel angih (am) ward ength (am)

932  Fig. S1. EEM contours and the spectral characteristics of the EEM-PARAFAC

933  components during the bag-incubation experiment.
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937  Fig. S2. The proportion of each component in DOM at the depth of 0—1 cm. Total
938  humic-like substances were the sum of C1, C3, C4, C5 during bag-incubation

939  experiment.
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943 Fig. S3. Fe*'concentration in overlying water (a) and pore water (b) during priming

944  effect study with different treatments.
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