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Abstract

Recent studies suggest aluminum (Al) likely plays a role in the ocean carbon cycle by altering the
biological carbon fixation and carbon decomposition of marine diatoms. However, it remains speculative
whether Al has similar effects on other ecologically important phytoplankton groups such as the globally
important nitrogen-fixing cyanobacterium, Trichodesmium. Here we report the influence of Al on carbon
fixation and decomposition in non-axenic cultures of Trichodesmium erythraeumIMS101 (CCMP 1985).
By using radiocarbon, and adding oceanic relevant amounts of dissolved Al (yielding concentrations of
40 and 200 nM) along with non-Al-amended controls, we investigated the changes in particulate organic
carbon (POC) of Trichodesmium (>2 um, Trichodesmium POC), and free-living bacteria (0.2-2 um,
bacterial POC), and dissolved organic carbon (< 0.2 um, DOC) over a 116-day growth period. The results
showed that the rates of increase of POC in the declining growth phase of T. erythraeum were
significantly higher (by 11-14%) in the Al-enriched treatments than in the control, and this Al-enhanced
carbon fixation is consistent with previous observations on marine diatoms. On the other hand, unlike
diatoms, the POC from T. erythraecurm decomposed faster in the Al-enriched treatments during the first
decay phase when bacterial POC and DOC increased along with the decomposition of Trichodesmium
POC. Further addition of the same amounts of Al (again calculated to increase the Al concentration by 40
and 200 nM) was performed on day 71. This treatment was designed to mimic Al supply from sediment
after the settling of Trichodesmium colonies to the ocean bottom. Following this second addition, the
decomposition rate of both Trichodesmium POC and DOC slowed down by 20-27% and 31-62%,
respectively, during the second decay phase, when DOC and bacterial POC decreased. The study suggests
that Al fertilization in the surface ocean via dust deposition may increase the net carbon fixation and
nitrogen fixation by Trichodesmium, and thus the supply of new nitrogen to the euphotic zone, whereas Al
from sediment may decrease the decomposition rate of decaying Trichodesmium settled to the ocean
bottom.

Introduction

Effects of aluminum (Al) on marine phytoplankton have been attracting increasing attention. Aluminum
may enhance carbon fixation in the upper ocean by favoring the growth of certain groups of
phytoplankton by facilitating the utilization of dissolved organic phosphorus, iron, and dinitrogen (Liu et
al. 2018; Zhou et al. 2018a; Zhou et al. 2016). Also, Al may help preserve biogenic matter from decay and
decomposition, which would facilitate the export of the fixed carbon to ocean depths and its
sequestration there (Zhou et al. 2018b). These studies have updated the understanding of the roles of Al
in marine carbon biogeochemistry. Data from Antarctic ice cores show a link between the high inputs of
Al and iron (Fe) through dust deposition and cold glacial climates (Lambert et al. 2008; Martin 1990). On
the basis of the above knowledge, the Iron-Aluminum Hypothesis was proposed to highlight the potential
importance of Al in the ocean carbon cycle and climate change. As a lesson from nature, ocean Al
fertilization has been proposed as a carbon dioxide removal (negative emission) strategy to alleviate
global warming (Liu et al. 2018; Zhou et al. 2023; Zhou et al. 2018b).
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Further evidence has recently been reported that supports the link between Al input to the ocean and
climate change. For example, Al is found to help sequester organic carbon in marine sediment over
millions of years (Anderson et al. 2020; Hemingway et al. 2019). Our recent study shows that Al at
environmentally relevant low levels (e.g., 40 nM) can not only significantly increase diatom cell size but
also decrease the decomposition rate of marine diatom-produced particulate organic carbon (POC) (Zhou
et al. 2021). Cell size is an important factor determining POC sinking velocity; cell size and the
decomposition rate of POC are dominant factors influencing vertical POC flux and the efficiency of the
biological carbon pump (Buesseler et al. 2020; Martin et al. 1987; Miklasz & Denny 2010). An
extrapolation from our laboratory data suggests that an increase in the ambient Al concentration to 40 or
200 nM could lead to 1 to 3 orders of magnitude increases in the diatom POC exported to a depth of 1000
m, respectively (Zhou et al. 2021). In this latter paper, we also argued that increases of Al in the range
from 20 to 200 nM might have occurred in the Last Glacial Maximum in the upper layer of the Atlantic
Ocean, the Mediterranean Sea, and some sites in the Pacific Ocean and the Indian Ocean, as a
consequence of the 2- to 3-fold increase in the dust deposition rates during that period (Kienast et al.
2016; Menzel Barraqueta et al. 2020). Twenty-five-fold increases in dust flux in the Southern Ocean in
glacial times compared to interglacial times, as estimated by Lambert et al. (2008), likely significantly
increased Al concentrations in the Southern Ocean. The enhanced supply of Al may have substantially
increased diatom carbon export to ocean depths in most of the world oceans, drawn down CO, in the

atmosphere, and contributed to the cold climates in glacial times.

However, it remains unclear how Al will influence the decomposition rate of other ecologically important
phytoplankton other than marine diatoms. Trichodesmium is a globally important planktonic and
nitrogen-fixing cyanobacterium that is widespread in the oligotrophic tropical and subtropical oceans
(Capone et al. 1997; Zhang et al. 2022). Nitrogen fixation by Trichodesmium can contribute substantially
to the primary production in oligotrophic oceans (Bergman et al. 2013; Carpenter & Capone 2008; Zehr &
Capone 2020). Previous studies showed that Al addition at the level of 200 nM enhanced the growth of
Trichodesmium and its expression of the nitrogen-fixing gene (nifH) in the South China Sea (Liu et al.
2018; Zhou et al. 2018a). However, the beneficial effects of Al addition on the growth of Trichodesmium
have not been further tested in the lab. It is also still unknown how Al additions will influence the
decomposition of Trichodesmium-produced organic carbon.

In this study, we used radiocarbon ('4C) labeling to examine the effects of Al addition at environmentally
relevant levels on the carbon fixation and carbon decomposition of a model Trichodesmium species,
Trichodesmium erythraeum IMS101 (CCMP 1985), in batch cultures that lasted for 116 days. Dissolved
organic carbon (DOC) and POC in the size fractions containing Trichodesmium colonies (>2 pm) and
free-living bacteria (0.2-2 pm) were monitored to determine the net carbon fixation and organic carbon
decomposition.

Methods And Materials
Cell cultures

Page 3/22



Non-axenic cultures of the nitrogen-fixing cyanobacterium Trichodesmium erythraeum IMS101 (CCMP
1985) were obtained from the National Center for Marine Algae and Microbiota—Bigelow Laboratory for
Ocean Sciences (USA). The cultures were maintained in an artificial seawater Aquil-tricho medium (500—
1000 mL) in trace metal clean 1200-mL polycarbonate bottles at 27°C and a light intensity of 100 umol
/m?/s (with a 12 h:12 h light-dark cycle) (Hong et al. 2017).

Preparation Of The Maintenance And Experimental Media

Trace-metal clean artificial seawater (with a residual Al concentration of 24.7 + 4.0 nM) was used to
prepare the Aquil-tricho medium for maintaining 7Trichodesmium cultures and for the experiments. The
maintenance medium contained 10 pM phosphate, vitamins (0.37 nM cyanocobalamin, 2.25 nM biotin,
and 297 nM thiamine), and trace metals (1.0 uM iron, 20 nM zinc, 18 nM manganese, 8 nM cobalt, 8 nM
copper, 100 nM molybdenum, 10 nM selenium, and 20 nM nickel) buffered with 20 uM
ethylenediaminetetraacetic acid (EDTA).

To limit the biomass yield and avoid changes in the culture media pH due to CO, assimilation by algae, a
phosphate concentration of only 200 nM was used in the Aquil-tricho media for the experiments. Trace-
metal-grade sodium dihydrogen phosphate monohydrate (99.998%, Puratronic™) was used to prepare the
phosphate stock solutions and the media. Experiments were conducted in media enriched with Al (initial
concentrations of 40 and 200 nM dissolved Al) and in a control medium with no added Al. The Al
concentrations of 40 and 200 nM were set by adding appropriate volumes of 40 and 200 pM AICl; (trace
metal grade 99.9995%, Puratonic) stock solutions to the experimental medium, respectively. These stock
solutions were prepared in 0.01 M HCI (Optimum grade, Fisher Scientific). The initial pH value (~8.1) was
the same in all the experimental media. The two Al concentrations of 40 and 200 nM mimic those in the
heavily dust-influenced open ocean, and the upper limit of dissolved Al in natural seawater, respectively
(Menzel Barraqueta et al. 2020; van Hulten et al. 2013). Radioactive NaH'#CO5 (3.7 x 108 Bq/mL) was

added to the media to attain radioactivity of 180 Bq/mL (7.56 x 107 Bg/mol C) to monitor organic carbon
production and fate in the media.

As in our previous study on diatoms in Aquil* medium (Zhou et al. 2021), microwaving was used to
sterilize the artificial seawater and the polycarbonate bottles. Syringe filtration (0.2 ym, Millex® GP filter
unit) was used to sterilize the stock solutions of phosphate, trace metals, and vitamins. Trace metal clean
bottles and tubes were used for preparing the solutions and media. The media were allowed to sit
overnight to reach chemical equilibrium before being used in a sterile, particle-free laminar flow hood.

Experimental Designs

Trichodesmium colonies in the maintenance Aquil-tricho medium were transferred to the low-phosphorus
Aquil-tricho medium to acclimate for at least 10 generations. Trichodesmium in the exponential growth
phase (50 mL aliquots) was then transferred to the experimental media enriched with different
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concentrations of Al (0, 40, and 200 nM). Three replicates were prepared for each treatment. The
experimental cultures in polycarbonate bottles were incubated for 116 days at 27°C with a light intensity

of 100 pmol/m?/s (with a 12 h:12 h light-dark cycle), as was used for the maintenance cultures.

Using the filtration methods described in Zhou et al. (2021), we collected '#C-labeled organic carbon in
the size fractions of >2 pym (tricho POC), 0.2-2 pm (bacterial POC), < 0.2 pm (DOC). Specifically, a 20-50
mL sample was collected from each experimental culture after thorough shaking. The POC of
Trichodesmium colonies and free-living bacteria in the sample were collected by sequential filtration onto
polycarbonate membranes with pore sizes of 2 and 0.2 pm, respectively (Basu & Shaked 2018).
Trichodesmium colonies on the 2 pym membranes and free-living bacteria on the 0.2 pym membranes were
transferred to the scintillation vials as the samples representative of tricho POC and bacterial POC,
respectively. One milliliter of the filtrate from the 0.2 ym filtration step was transferred to a scintillation
vial as the DOC sample.

One milliliter of diluted hydrochloric acid (HCI, 1%) was added to each POC sample to remove residual
inorganic carbon over a 20-min period. Thirty microliters of 4 M HCI solution were added and mixed to
remove inorganic carbon in each DOC sample, also over a 20-min period. After the acid treatment, 10 mL
of the scintillation cocktail (Ecolume™, MP Biomedicals) was added to each sample and mixed
thoroughly by vortexing. The values of POC and DOC were calculated based on the 4C radioactivity
measured with a liquid scintillation analyzer (Tri-Carb 2910 TR, Perkin Elmer).

Trichodesmium colonies could have high sinking rates and experience high concentrations of dissolved
Al during the decay after settling to the ocean bottom (Ababou et al. 2023; Moran & Moore 1991; Stoffyn-
Egli 1982). To mimic the Al supply from ocean sediments after the settling of decayed Trichodesmium
colonies to the ocean bottom, additional dissolved Al was introduced into the initial treatments that had
been amended with 40 or 200 nM Al. These additions, performed on day 71 when DOC and bacterial POC
had reached their peaks, raised the Al concentration by 40 or 200 nM (yielding total added concentrations
of 80 or 400 nM). The decomposition rates of DOC and POC in different size fractions were compared
among treatments during the decay phase. For convenience in the various figures, we have color-coded
the results for 0, 40, and 200 nM Al, but in fact for all data points after the re-addition step (71 d) the
actual total amended Al concentrations were 0, 80, and 400 nM.

Calculation And Data Analysis

The growth/increase rate of POC was calculated as the slope of the linear regression of natural
logarithms of POC with time (d). The decomposition rates of DOC and POC were calculated using the
same method.

One-way analysis of variance (ANOVA) was used to compare mean values among treatments. Least-
significant-difference pairwise comparisons followed the one-way ANOVA and t-tests were used to
compare mean values between the control and Al-enriched treatments. Levene's test was used to test the
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homogeneity of variances. If the variance homogeneity hypothesis was violated, non-parametric tests
(median test or Jonckheere-Terpstra test) were used to compare mean values among treatments. One-
way repeated-measures ANOVA was used to compare mean values of total POC among treatments (Field
2009).

Results

Growth rate and net carbon fixation

The results showed that Trichodesmium in Al-enriched treatments had significantly higher mean growth
rates than in the control during the declining growth phase (ANOVA, df = 8, p < 0.05), whereas the growth
rate differences among treatments were not significant in the exponential growth phase (ANOVA, df =8, p
>0.1) (Fig. 1a, b). The growth phases were divided based on the changes of POC. The exponential growth
phase from day 3 to day 11 was characterized by constant high POC growth rates above 0.4 d™; while
the declining growth phase started from day 11, when the growth rate began to decrease, to day 27 when
the growth rate was approaching to zero (Fig. 1Ta and Fig. S1). POC decreased during the decay phase
(Fig. S1).

The higher growth rates led to higher accumulation of total POC in the Al-enriched treatments than the
control (Fig. 2). The amount of POC on day 21 increased by 5% and 16% (p < 0.05) in the treatments
enriched with 40 nM and 200 nM Al, respectively, compared to the control (ANOVA, df =8, p=0.053;
median test, df =2, p =0.043) (Fig. 2a). On day 27, the total amount of POC was 10—-15% higher in the Al-
enriched cultures compared to the control (Fig. 2a). The results of one-way repeated-measures ANOVA
showed that there were higher values of total POC in treatments enriched with higher concentrations of Al
from day 21 to day 38 (Mauchly'’s test of sphericity, p>0.1; F(2, 6) = 3.98, p =0.079) (Fig. 2a). Tricho POC
in the size fraction >2 pm was also 11-16% higher in the Al-enriched treatments than the control on day
27, although the differences were not statistically significant (ANOVA, df =8, p >0.1) (Fig. 2b). In
summary, Al addition to the culture media led to higher net carbon fixation by Trichodesmium.

Decomposition of Trichodesmium POC and increase of bacterial POC and DOC during the first decay
phase

The amount of total POC started to decrease from day 38 (Fig. 2a), whereas tricho POC peaked earlier
around day 27 (Fig. 2b). There were two different decay phases (Fig. S1). The first was from day 27 to
day 71, during which tricho POC decomposed and bacterial POC and DOC increased (Fig. 2c, d). The
second decay phase, from day 71 to day 116, was characterized by the decay of DOC and bacterial POC
(Fig. 2c, d). Tricho POC also decomposed further during the second decay phase.

Tricho POC decreased from about 100 to 25 pmol C/L during the first decay phase from day 27 to day 71.
Along with the decrease in tricho POC, bacterial POC and its contribution to total POC increased (Fig. 2c;
Fig. S2). Bacterial POC increased from about 20 to 46 pmol C/L from day 27 to day 71. As a result, the
proportion of bacterial POC to total POC increased from around 15-65% (Fig. S2). In addition, the
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increase in bacterial POC led to an increase in total POC from day 27 to day 38, although tricho POC
decayed at the same time (Fig. 2a, b).

The DOC remained at low concentrations around 2 pmol C/L during the exponential growth phase (on
day 11) and the early declining growth phase (on day 15) (Fig. S3). However, it increased significantly
along with the decay of tricho POC during the first decay phase (Fig. 2d). The DOC concentrations
doubled to around 5 pmol C/L on day 21 and day 27, when the concentration of tricho POC peaked

(Fig. 2b; Fig. S3). The DOC concentrations increased substantially to around 35 pmol C/L on day 38 and
day 54, and to more than 75-150 pmol C/L on day 71 at the end of the first decay phase (Fig. 2d; Fig.
S3).

During the first decay phase from day 27 to day 71, the decomposition rates of tricho POC and total POC
were significantly higher in the Al-enriched treatments than in the control (ANOVA, df = 8, p <0.05) (Fig. 33,
b; Table 1). As a result, the concentrations of tricho POC and total POC left in the cultures were
significantly higher in the control than in the Al-enriched treatments on day 71 (ANOVA, df =8, p<0.05).
Specifically, the tricho POC and total POC concentrations on day 71 were >79% and >28% higher in the
control than in the Al-enriched treatments, respectively. DOC concentrations were significantly (18-96%)
higher in the control than the Al-enriched treatments on day 71 (median test, p = 0.043; Jonckheere-
Terpstra, p = 0.020). However, the increase rates of bacterial POC during the first decay phase were not
significantly different among treatments (ANOVA, df = 8, p >0.1) (Fig. 3c). Consistently, the bacterial POC
did not significantly differ among the treatments during the entire experiment except for day 71, when the
bacterial POC was 6% higher in the control than in the Al-enriched treatments (ANOVA, df =8, p =0.051).
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Table 1

Comparisons of the growth, net carbon fixation, and organic carbon decomposition rates (mean +
standard deviation, n = 3) of Trichodesmium cultured in Aquil-tricho media enriched or not with Al. The
symbols #, *, and ** indicate nearly significant (0.05<p <0.1), significant (p < 0.05), and highly significant
(p<0.017) differences compared to the control, respectively. ANOVA, one-way analysis of variance;
Nonparametric tests: median and Jonckheere-Terpstra tests.

Parameters Control 40nMAl 200nM ANOVA Nonparametric
Al tests
Growth rates during the 0.436+ 0.407 0.405% p>0.1
exponential growth phase (days 0.004 0.024 0.028
3-11) (d™ 1)
Growth rates during the declining 0.141 % 0.157 0.161 % p <
growth phase (days 11-27) (d” ") 0.007 0.010* 0.004* 0.05
Total POC on day 21 (umol C/L) 94.0+ 99.0+ 1089+ p= p<0.05
5.3 6.7 5.5% 0.053
Total POC on day 27 (umol C/L) 1176+ 129.2 1349+ p>0.1
19.3 12.9 3.2
Total POC on day 38 (umol C/L) 1344+ 136.4+ 145.2 + p>0.1
15.2 8.4 8.3
Tricho POC on day 27 (umol C/L) 98.6 + 109.8 + 114.7 + p>0.1
18.4 13.1 2.0
Tricho POC on day 38 (umol C/L) 102.5+ 103.5+ 111.4+ p>0.1
17.1 7.4 10.0
Total POC decomposition rate 0.0005 0.0033+ 0.0101 % p=
_ -1 + 0.0019 0.0023*  0.004
(days 38-54) (d™ ') 0.0020
Total POC decomposition rate 0.0267 0.0402 + 0.0371 p=
- -1 + 0.0079* 0.0031* 0.078
(days 54-71) (d™ ") 0.0047
Total POC decomposition rate 0.0141 0.0225+ 0.0242 + p=
_ -1 t 0.0047* 0.0022* 0.021
(days 38-71) (d™ ") 0.0025
Tricho POC decomposition rate 0.0019 0.0074 0.0128 + p=
_ -1 + 0.0025 0.0059**  0.011
(days 27-54) (d™ ") 0.0100
Tricho POC decomposition rate 0.0559 0.0911 ¢ 0.0843 p=
— -1 + 0.0233* 0.01444# 0.084
(days 54-71) (d™ ') 0.0082
Tricho POC decomposition rate 0.0218 0.0378 0.0392 p=
— -1 + 0.0100* 0.0059* 0.042
(days 27-71) (d™ ") 0.0038
Total POC on day 71 (umol C/L) 845+ 65.4 65.8+ p=
7.1 6.2* 7.4% 0.024
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Parameters Control 40nM Al 200nM ANOVA Nonparametric

Al tests
Tricho POC on day 71 (umol C/L) 36.3+ 19.9+ 202+ p=
6.1 6.8* 6.2* 0.031
Bacterial POC on day 71 (umol 48.2 + 455+ 45.6 + p=
C/L) 1.0 0.7* 1.6* 0.051
DOC on day 71 (umol C/L) 149.4 + 127.0+ 76.3+ p= p<0.05
19.3 45.9 11.7* 0.056
Bacterial POC increase rate (days 0.0196 0.0178+ 0.0171+# p>1.0
_ -1 + 0.0014 0.0025
27=71) (d7) 0.0016
Total POC decomposition rate 0.0155 0.0124+ 0.0107+ p=
_ -1 t 0.0020* 0.0008**  0.010
(days 71-116) (d™ ") 0.0007
Tricho POC decomposition rate 0.0353 0.0284 0.0258 + p>0.1 p<0.05
_ -1 + 0.0085 0.0071**
(days 71-116) (d™ ') 0.0005
Bacterial POC decomposition rate 0.0072 0.0078 0.0063 + p= p>0.1
- -1 + 0.0007 0.0006 0.050
(days 71-116) (d™ ") 0.0003
DOC decomposition rate (days 0.0267 0.0183 ¢ 0.0102 p=
0.0039

Decomposition of DOC and POC during the second decay phase with mimicked re-supply of dissolved Al
from sediment resuspension

The concentrations of DOC and bacterial POC started to decrease during the second decay phase after
day 71, and total POC and tricho POC decomposed further (Fig. 2). The proportion of bacterial POC to
total POC increased to more than 80% (Fig. S2).

Significantly lower decomposition rates of DOC and POC were observed in Al-enriched treatments than in
the control during the second decay phase after the re-addition of Al on day 71 (Fig. 4). The DOC
decomposition rates were 31-62% lower in the Al-enriched media than in the control (ANOVA, df =8, p <
0.02). Tricho POC decomposition rates in the Al-enriched treatments declined rapidly by more than 50%
after the re-addition of Al, whereas those in the control remained at relatively high values (Fig. S4). As a
result, tricho POC decomposition rates during the second decay phase were 20-26% lower in the Al-
enriched treatments than in the control (median test and Jonckheere-Terpstra test, p < 0.05). However, the
bacterial POC decomposition rates did not significantly differ between the control and Al-enriched
treatments (median test and Jonckheere-Terpstra test, p >0.1). There were also no significant differences
in bacterial POC among treatments after day 71 (median test or Jonckheere-Terpstra test, p >0.1)
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(Fig. 2c). As a result, total POC decomposition rates were 20—31% lower in the Al-enriched treatments
than in the control (ANOVA, df =8, p=0.01). These results suggest that the mimicked re-supply of
dissolved Al from sediment resuspension may significantly decrease the decomposition rates of organic
carbon related to decaying Trichodesmium colonies settled to the ocean bottom.

Discussion

Amendments resulting in Al concentrations of 40 and 200 nM significantly increased the growth rates of
Trichodesmium during the declining growth phase and net carbon fixation by the cyanobacterium in the
Aquil-tricho medium. However, the Trichodesmium-produced POC decomposed and was remineralized
more rapidly in the Al-enriched treatments than in the control during the first decay phase from day 27 to
day 71, when increases in bacterial POC and DOC accompanied the decomposition of tricho POC. After
the re-addition of Al at day 71, to mimic Al supply from sediment resuspension after the settling of
decaying Trichodesmium colonies to the ocean bottom, the decomposition rates of DOC, tricho POC, and
total POC slowed significantly during the second decay phase, when DOC and bacterial POC decreased.

This study provides new data to help understand the roles of Al in the ocean carbon cycle, focusing on
the globally important nitrogen-fixing cyanobacterium Trichodesmium. These data also add new support
for the iron-aluminum hypothesis, which suggests that Al inputs to the ocean increase marine carbon
sinks and influence climate change by impacting carbon fixation in the upper ocean, carbon export to the
ocean interior, and carbon sequestration in the deep ocean depths and sediments (Zhou et al. 2023; Zhou
et al. 2021; Zhou et al. 2018b)

Beneficial effects of Al on the growth and carbon fixation by marine phytoplankton

The beneficial effects of Al addition on the growth and net carbon fixation of Trichodesmium in the
present study are consistent with previous results showing Al effects on marine nitrogen-fixing
cyanobacteria. Previous field studies showed that Al addition enhanced the growth of Trichodesmium,
the expression of its nitrogen-fixing gene (nifH), and the nitrogen fixation rate in the South China Sea (Liu
et al. 2018; Zhou et al. 2018a). A laboratory study reported the beneficial effects of Al addition on the
growth and nitrogen fixation of a unicellular nitrogen-fixing cyanobacterium Crocosphaera watsonii under
phosphorus-deficient conditions (Liu et al. 2018), although high concentrations of Al could be toxic to the
same species under phosphorus-sufficient conditions (Liu et al. 2020). The present study adds laboratory
experimental support for the evidence of the beneficial effects of Al on Trichodesmium in field studies.

The beneficial effects of Al in the present study are also consistent with previous studies on other marine
phytoplankton (Zhou et al. 2021). The beneficial effects of Al on the growth of marine phytoplankton
(including diatoms, chlorophytes, and non-nitrogen-fixing cyanobacteria) have been summarized in
previous studies (Zhou et al. 2021; Zhou et al. 2018b). These show that the beneficial effects of Al on
marine phytoplankton were sporadically reported during the 1960s to the 2000s, and increasingly
reported in the more recent literature. The beneficial effects of Al on marine diatoms and cyanobacteria

and the underlying mechanisms have been closely examined in recent years (Liu et al. 2018; Zhou et al.
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2016). Both the present study and previous studies on marine diatoms showed that the beneficial effects
occurred in the declining growth phase when phosphorus limitation occurred (Zhou et al. 2021). Our
recent study shows that the presence of Al at the same concentrations (40 and 200 nM) used in the
present study increased the net carbon fixation of three marine diatoms by 9-29% in Aquil* medium with
only 100 nM phosphate (Zhou et al. 2021). In the present work, we observed that similar Al additions
increased net carbon fixation of Trichodesmiumby 11-16% in Aquil-tricho media with 200 nM phosphate
(Fig. 1c, d)

The mechanisms underlying the beneficial effects of Al on Trichodesmium's carbon fixation are open to
discussion. A recent study has identified novel metallophores with a high affinity for Al in Trichodesmium
erythraeum colonies from the Gulf of Agaba, and these metallophores were suggested to be linked to the
use of dust as a source of nutrients(Gledhill et al. 2019). However, whether the concentration of dissolved
Al can affect the metallophores, and if they are related to the observed beneficial effects of Al, remains
unknown. Enhanced use of dissolved organic phosphorus, involving an increased efficiency of alkaline
phosphatase, has been proposed as a mechanism underlying the beneficial effects (Zhou et al. 2021,
Zhou et al. 2016). Given the low initial phosphate concentration (200 nM) and sufficient concentrations
of dinitrogen and nutrients including trace metals in the Aquil-tricho medium, phosphorus should be the
only nutrient that limited the growth of the nitrogen-fixing cyanobacterium in the declining growth phase.
We hypothesize that a similar mechanism for enhancing phosphorus use may support the increased
growth of Trichodesmium in the present study. Further work is needed to evaluate this hypothesis.

Influences of Al on organic carbon decomposition

The higher decomposition rates of tricho POC in the Al-enriched treatments compared to the control differ
from the results of previous studies on marine diatoms. Earlier studies have shown that the incorporation
of Al into the frustules of marine diatoms can decrease their solubility and hinder the release of the
associated organic carbon (Abramson et al. 2009; Dixit et al. 2001; Van Cappellen et al. 2002). Our recent
study demonstrates that Al additions to achieve environmentally relevant low levels of 40 and 200 nM
significantly slowed down the decomposition rates of the diatom-produced POC, by up to 58% (Zhou et
al. 2021). In contrast, the decomposition rates of tricho POC were >70% higher in the Al-enriched
treatments compared to the control in the present study (Fig. 3; Table 1). This difference indicates that
the Al impacts on phytoplankton-POC decomposition may vary among different taxa. Further work is
needed to examine the Al impacts on other major phytoplankton classes such as dinoflagellates and
coccolithophores.

The lower DOC accumulation in the Al-enriched treatments compared to the control during the first decay
phase suggests that tricho POC decomposed and was remineralized more quickly in the presence of Al
(Fig. 2d; Table 1). DOC and bacterial POC accumulated along with the decomposition of tricho POC
during the first decay phase (Fig. 2). This suggests that part of the decomposed tricho POC was
transformed into DOC and bacterial POC. The other part of the decomposed POC was presumably
remineralized to inorganic carbon. Generally, as more POC decomposed, more DOC and bacteria POC
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accumulated. However, lower accumulation of DOC was observed in the Al-enriched treatments compared
to the control at the end of the first decay phase on day 71 (Fig. 2d; Table 1). This lower accumulation
was observed despite the more rapid decomposition of tricho POC in the Al-enriched treatments than the
control during the first decay phase (Fig. 3a). These results suggest that during the first decay phase, the
proportion of tricho POC that was transformed into inorganic carbon was higher in the Al-enriched
treatments than in the controls. The underlying mechanisms for the quick decomposition and
remineralization of tricho POC in the Al-enriched treatments are unknown. Since we did not observe
higher bacterial biomass (POC) in the Al-enriched treatments compared to the control (Fig. 2c), this may
rule out differences in bacteria activity as the reason for the fast decomposition of tricho POC in the Al-
enriched treatments. The present results suggest that Al may influence tricho POC decomposition with
very different mechanisms, compared to the Al influence on diatom POC decomposition. Additional
research is needed to explore the underlying mechanisms involved.

The present study showed that the decomposition rates of DOC slowed during the second decay phase
(Fig. 4), i.e., after the re-addition of Al to mimic Al supply after the settling of decaying Tricodesmium
colonies to the ocean depth. (Fig. 4). There were also no significant differences in the bacteria biomass
among treatments during the second decay phase. These results suggest that DOC released by Al-treated
Trichodesmium was more difficult to decompose, or that Al treatment may make DOC released by
Trichodesmium more difficult to decompose. Future studies are needed to assess these hypotheses.

Interestingly, our results indicate that the re-addition of Al in the Trichodesmium decay phase may also
affect the rate of POC decomposition (Fig. 4). Significantly lower POC decomposition rates were observed
in the Al-enriched treatment than in the control during the second decay phase (Fig. 4). One interpretation
of this observation is that the added Al reacted with the decayed Trichodesmium and slowed down the
tricho POC decomposition rates. Rapid decreases in the tricho POC decomposition rates were indeed
observed in the Al-enriched treatments after the re-addition of Al (Fig. S4). A second possible explanation
would be that the tricho POC left after the first decay phase was more refractory in the Al-enriched
treatments than in the control. We indeed found that tricho POC remaining on day 71 was significantly
less in the Al-enriched treatments than in the control (Table 1; Fig. 2). The residual tricho POC remaining
in the Al-enriched treatments could be more refractory than that in the control treatment. Detailed
examination of tricho POC decomposition rates showed that there was also a quick drop in
decomposition rates in the control during the period from days 96—116, when only refractory POC
remained (Fig. S4). The presence of refractory POC and the effects of Al re-addition together may have
led to the significant slowing down of the tricho POC decomposition rates in the Al-enriched treatments
after day 71.

Since the re-addition of Al to some extent mimicked high Al concentrations experienced by decaying
Trichodesmium settled to the ocean interior, we speculate that the high concentrations of dissolved Al in
seawater near the ocean bottom, and in interstitial waters in sediments (Moran & Moore 1991; Stoffyn-
Egli 1982) may play roles in preserving organic carbon related to Trichodesmium colonies settled to the
ocean bottom. The roles of Al, as well as Fe in carbon storage, are becoming increasingly understood in
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soils (Merino et al. 2017; Wagai et al. 2020). However, their roles in marine sediments are still unclear. To
understand the roles of Al in preserving organic carbon in marine sediments, further research is needed to
simulate the low temperature, darkness, and microbial environments in the ocean interior or sediment.

Implications for the ocean carbon and nitrogen cycles and the biological carbon pump

Our results suggest that Al inputs may enhance net nitrogen fixation and carbon fixation in the
oligotrophic subtropical and tropical upper oceans, where nitrogen is often limited and nitrogen-fixing
cyanobacteria such as Trichodesmium are prevalent and contribute to the biological carbon pump.

First, Al addition could directly increase the net carbon fixation of Trichodesmium, which is an important
class of phytoplankton in the oligotrophic subtropical and tropical upper oceans. Second, higher net
carbon fixation by Trichodesmium would also mean higher new nitrogen input to all the phytoplankton in
the upper ocean, because Trichodesmium can use dinitrogen and transform it into reactive new nitrogen.
A high proportion of the fixed reactive nitrogen would be released and used by other non-nitrogen-fixing
phytoplankton such as diatoms (Bronk & Steinberg 2008). Our results indicate that Al concentrations at
the levels of 40 and 200 nM not only increased net nitrogen fixation but might also benefit the transfer of
the fixed reactive nitrogen to other phytoplankton, given that Trichodesmium decomposed and
remineralized more rapidly in the Al-enriched treatments than in the control media. The remineralized
nitrogen may support carbon fixation by other phytoplankton species such as diatoms and thus increase
overall carbon fixation in the upper ocean.

By using the experimental data obtained in the present study, we can roughly estimate the effects of
natural Al fertilization from dust deposition and sediment resuspension (Fig. 5). Dust deposition into
Trichodesmium-inhabited seawaters, such as the northern Atlantic Ocean and the Red Sea (Benaltabet et
al. 2022; Menzel Barraqueta et al. 2020), can result in high concentrations of dissolved Al, comparable to
those used in the present study. We estimate that Al fertilization through dust deposition could increase
the total Trichodesmium-released nitrogen in the euphotic zone by 11-19%, and increase by 11-17% the
carbon fixation of Trichodesmium and other phytoplankton supported by the Trichodesmium-released
nitrogen, and increase by 6—13% the Trichodesmium POC exported to below 100 m in depth (Fig. 5). The
estimates were based on the present experimental data and reported knowledge in the literature: 1) the Al
fertilization at the levels of 40 and 200 nM from dust deposition is assumed to increase the net carbon
fixation (nitrogen fixation) in Trichodesmium biomass by 10-15% (Fig. 1 and Table 1), and
Trichodesmium is assumed to release 50% of its fixed nitrogen during its growth in the euphotic zone
(Bronk & Steinberg 2008), i.e., the released nitrogen during growth is equal to the net nitrogen fixation in
Trichodesmium biomass; 2) the Trichodesmium colonies will release additional reactive nitrogen to the
euphotic zone before they sink out of the euphotic zone, and all the nitrogen released in the euphotic zone
will be used by marine phytoplankton for carbon fixation with a Redfield reference C:N ratio (6.6) similar
to that of Trichodesmium (White et al. 2006); 3) the sinking Trichodesmium colonies will deposit to the
deep ocean with sinking rates between 50-100 m/d (Ababou et al. 2023; Coles et al. 2004), and the Al
treated Trichodesmium will decompose during the sinking with higher rates (by 73-80%) as observed in
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the present study. The rough estimates suggest that Al fertilization could benefit nitrogen fixation by
Trichodesmium, nitrogen supply to the euphotic zone, and thus enhance total carbon fixation in the upper
ocean and carbon export to ocean interiors.

After being exported to the ocean interior, the re-supply of dissolved Al from sediment resuspension could
decrease the decomposition rates of POC (by 20-27%) and DOC (by 31-62%) related to the decaying
Trichodesmium colonies. In other words, the Al from sediment may help to preserve organic carbon in the
settled Trichodesmium.

In summary, our study suggests that Al fertilization from dust deposition to the oligotrophic subtropical
and tropical upper oceans could increase the net carbon fixation of Trichodesmium, the Trichodesmiunt
mediated nitrogen supply to the euphotic zone, and carbon export to below 100 m in depth. In addition, Al
supply from sediment resuspension may help to preserve the organic carbon of Trichodesmium colonies
settled in ocean interiors and sediments. Therefore, this study provides additional support for the iron-
aluminum hypothesis.
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Figure 1

Mean growth rates of total particulate organic carbon (POC) in different growth phases of
Trichodesmium cultures in Aquil-tricho media enriched with different concentrations of aluminum (Al).
(a), the growth phases; (b), growth rates. The error bars represent the standard deviations (n = 3). The
symbol * indicates the differences between the Al-enriched treatment and the control were significant (p <

0.05).
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Figure 2

Changes of organic carbon in Trichodesmiumcultures in Aquil-tricho media enriched with different
concentrations of aluminum (Al). (@), total particulate organic carbon (POC); (b), Trichodesmium POC in
the fraction > 2 pm; (¢) bacterial POC in the fraction of 0.2-2 um; and (d), dissolved organic carbon
(DOC). The error bars represent the standard deviations (n = 3). The arrows indicate the re-addition of Al
on day 71.
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Figure 3

Decomposition rates for particulate organic carbon (POC) in the first decay phase from day 27 to day 71:
(@) Tricho POC; (b) total POC; (c) bacterial POC. The error bars represent the standard deviations (n = 3).
The symbols #, *, and ** indicate nearly significant (0.05 < p < 0.1), significant (p < 0.05), and extremely
significant (p < 0.01) differences compared to the control, respectively. Trichodesmium POC and total
POC began to decrease on days 27 and 38, respectively. Both exhibited relatively lower decomposition
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rates until day 54, after which they decomposed at relatively higher rates until day 71. The bacterial POC
increased at high rates during days 27-38.
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Figure 4

Decomposition rates of organic carbon during the second decay phase from day 71 to day 116, i.e., after
the re-addition of Al. The error bars represent the standard deviations (n = 3). The symbols #, *, and **
indicate nearly significant (0.05 < p < 0.1), significant (p < 0.05), and highly significant (p < 0.01)
differences compared to the control, respectively.
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Figure 5

Schematic map showing the estimated effects of Al fertilization from dust deposition and sediment
resuspension on the carbon fixation, nitrogen release, carbon export, and decomposition of
Trichodesmium. The estimates were based on the present experimental data and reported knowledge in
the literature (see details in the text).
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